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PUBLICATION DISSERTATION OPTION 
This dissertation has been prepared in the form of three journal articles for peer-
review. These articles are presented in Paper I through Paper III. Paper I has been 
prepared according to the style used by Environmental Science and Technology and 
pages 14 to 40 have been published. Paper II has been prepared in the style used by 
Environmental Science and Technology and pages 41 to 69 will be submitted to this 
publication. Paper III has been prepared in the style used by Indoor Air and pages 68 to 
94 will be submitted to this publication.  
 
NOTE: The sections of Introduction, Goals and Objectives, Methods and Materials, 
Conclusions, Significance and Impacts, Future Research, and Appendices contain 
supplemental information for the journal articles. They present some information 





Interfacial chemistry greatly influences human exposure to reactants and products 
in indoor environments. Emissions of volatile organic compounds, as a result of ozone-
surface interactions, can lower an occupant’s exposure to ozone, but increase indoor 
concentrations of odorous and carcinogenic compounds. Therefore, investigation of 
ozone-surface interactions are necessary for better understanding and controlling 
exposure to ozone and the products of indoor surface chemistry.  
In this dissertation, field experiments were conducted in five homes in three 
seasons to quantify ozone-initiated secondary emission rates (SERs), yields, surface 
reaction probabilities and study their temporal trends. Laboratory experiments were 
conducted to quantify the ozone reaction probabilities, SERs and yields of aldehydes 
from the interactions of ozone with three categories of consumer products. 
This research shows that aldehydes, especially nonanal, were emitted as products 
of ozone-surface reactions from most surfaces. Carpet in newer homes had higher SERs 
than carpet in older homes. However, the countertops remained consistently reactive with 
ozone due to occupant activities. The total yields of aldehydes were in good agreement 
between two summers. However, there was a significant decrease in the total aldehyde 
yield from summer to winter. There were no significant temporal trends in reaction 
probabilities for any surfaces over the entire 1.5 year period, indicating that it may take 
significantly longer than this period for surfaces to exhibit any “ozone aging” effects. 
Exposure to ozone, ten consumer products generated secondary emissions of aldehydes, 
with nonanal as the most prominent compound. Unsaturated fatty acid esters are likely 
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1.  INTRODUCTION 
Volatile organic compounds (VOCs) comprise a large family of natural and 
synthetic compounds, many of which are toxic. VOCs are defined by the World Health 
Organization (WHO, 1989) as organic compounds in the boiling point range of 50°C to 
260°C, excluding pesticides. Some VOCs (e.g. formaldehyde) are toxic and carcinogenic. 
The Clean Air Act Amendments of 1990 list 189 compounds that are considered health 
hazardous and that are regulated to prevent or minimize emissions. Most of these are 
VOCs (Clean Air Act of 1990). In 1997, more than 80% of national emissions of VOCs 
released into air come from solvent usage, the transportation and of storage of VOCs, and 
motor vehicle emissions (National Air Quality and Emissions Trends Report, 1997). In 
addition, many VOCs are intermediates in the production of plastics and other chemicals. 
In addition to their direct toxicity, VOCs in outdoor air are of concern because they 
contribute to smog and participate in reactions that form ozone and secondary aerosols in 
the atmosphere.  
Many VOC pollutants found in outdoor air are also found in indoor air but at 
higher concentrations. VOCs of indoor origin are released by a variety of sources 
including human activities, cleaning, combustion and building product emissions. Indoor 
VOC emissions are often categorized as primary and secondary emissions.  Primary 
emissions are defined as those that are released directly from activities, household 
products and materials. For example, formaldehyde, α-pinene, and hexanal are all present 
within plywood flooring and are slowly emitted into buildings (Hodgson et al., 2000). 
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Secondary emissions of VOCs are defined as emissions resulting from chemical 
transformations (e.g. ozone and carpet) (Weschler et al., 1992; Reiss et al., 1995; 
Morrison et al., 1998; Morrison et al. 2002). For example, formaldehyde, acetaldehyde, 
and C5-C10 aldehydes are volatile products of ozone reacting with carpet surfaces. 
(Weschler et al., 1992).  
Smog ozone is one of the important oxidizing agents that can initiate secondary 
emissions from indoor surfaces. Ground level ozone or tropospheric ozone is a product of 
complex photochemistry involving sunlight, vapor phase organic compounds and 
nitrogen oxides (Seinfeld and Pandis, 2006). High outdoor ozone concentrations are 
generally associated with densely populated urban areas: as the population density 
increases the concentrations of vapor phase organic compounds, nitrogen oxides and 
ozone tend to increase. Even in rural areas, there has been a tendency for ambient ozone 
levels to increase and levels will continue to rise (Seinfeld and Pandis, 2006; Lelieveld 
and Dentener, 2000). The US EPA, through the National Ambient Air Quality Standards 
(1997), has established an 8-hr ozone standard of 0.08 ppm, but has recently (June 2007) 
proposed to strengthen the air quality standards by revising the 8-hr ozone standard to a 
level within the range of 0.070 ~ 0.075 ppm (National Ambient Air Quality Standards for 
Ozone; proposed rule, 2007). Ozone can harm lung function and irritate the respiratory 
system (WHO, 2003). Epidemiological studies of exposure at high ambient 
concentrations show correlations with cough, lower and upper respiratory symptoms, 
shortness of breath, etc (Galizia and Kinney, 1999). Studies have shown there are 
associations between outdoor ozone and morbidity, such as respiratory and asthma 
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related hospital vistis (Hubbell et al., 2005). Bell et al. (2005) showed that even small 
increases in ambient ozone levels are associated with increased mortality.  
Indoor ozone is primarily transported from outdoors (Weschler, 2000), although 
several types of equipment also generate ozone, including photocopies, laser printers, and 
commercial ozone generators advertised to remove airborne contaminants and improve 
indoor environments. Indoor ozone levels are a fraction of outdoor levels and depend on 
air exchange rate, the rate at which ozone is removed by indoor surfaces and the rate of 
homogeneous reactions between ozone and other species in air. The ratio of indoor to 
outdoor ozone concentrations (I/O), in the absence of indoor sources, is typically in range 
of 0.2 to 0.5 (Avol et al., 1998; Romieu et al., 1998), a phenomenon that can significantly 
influence exposure. Exposure to an air contaminant is defined as the concentration of a 
pollutant a person is in contact with, multiplied by the exposure time interval (Sparks et 
al., 1993). Although indoor ozone concentrations are lower than outdoors, human 
exposure to indoor ozone is not negligible and even comparable to those outdoors since 
people spend about 90% of their time indoors (Jenkins, 1992). Researchers have found 
that indoor exposures account for 43% to 76% of total daily ozone-exposure. (Brauer et 
al., 1995; Geyh et al., 2000; Lee et al., 2004; Linn et al., 1996.; Liu et al., 1993; Sarnat et 
al., 2005). People who are very young, very old or sick spend more time indoors than 
healthy people but may be most vulnerable to indoor pollutants. Therefore, it is important 
to address the issue of human exposure to indoor ozone and other pollutants that are 
present as a consequence of ozone reactions with indoor materials.  
Unique characteristics of indoor environment tend to induce reactions between 
ozone and indoor surfaces. The surface area-to-volume ratio tends to be much greater 
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than that for outdoor environments (Nazaroff et al., 2003), generally increasing the 
influence of surface interactions on pollutant concentrations.  Some indoor surfaces, such 
as carpet, provide substantial amounts of surface for adsorption and interfacial chemistry. 
Because of the high surface area-to-volume ratio, even relatively slow reactions of ozone 
with surfaces can be amplified relative to other removal processes. Removal rates of 
ozone by indoor surfaces are often equivalent to or higher than normal air exchange rates. 
This means that there is sufficient time for ozone-surface reactions to significantly lower 
ozone levels relative to the levels infiltrated in from outside. The morphology and 
reactive precursors on surfaces will further influence the extent to which ozone is 
removed indoors. High surface-area carpets are thought to be responsible for nearly half 
of the ozone removal in carpeted residences (Morrison and Nazaroff, 2002a). Carpets 
arrive from the manufacturer with reactive coatings (Morrison and Nazaroff, 2002b), and 
other surfaces tend to become coated with various species by occupant activities such as 
cooking. These coatings often provide precursors for ozone-surface reactions.  
Ozone reactions with surfaces can decrease indoor occupants’ exposure to indoor 
ozone but reaction products formed in these interactions may in turn degrade indoor air 
quality. To understand the impact of ozone-initiated chemistry, it is necessary to 
investigate ozone-surface reactions and their products. Weschler et al. (1992) was the 
first to show that ozone reacted with carpet surfaces to form secondary formaldehyde, 
acetaldehyde, and C5-C10 aldehydes. They proposed that the source of these carbonyl 
compounds was the reaction between ozone and incompletely polymerized plastics or 
vegetable oils coating the carpet surfaces. They also found that the carpet stored these 
aldehydes and continued releasing the byproducts as they desorbed from carpet surfaces 
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even after ozone introduction ceased. Reiss et al. (1995) showed that carbonyl groups 
(aldehydes and ketones) were formed as a result of latex paint exposure to ozone. 
Building on the work of Weschler et al. (1992), Morrison and Nazaroff (2002a) found 
that interactions of ozone with carpets produced C1-C13 aliphatic n-aldehydes and some 
unsaturated aldehydes, such as 2-nonenal; among them nonanal was the most prominent 
secondary aldehyde. They suggested that oleic acid, linoleic acid, and linolenic acid 
contained in biogenic oils, such as linseed oil or tung oil are responsible for secondary 
aldehyde emissions from carpets. Researchers found ozone also reacted with other indoor 
surfaces, such as duct materials (Morrison et al., 1998), soiled ventilation filters (Bekö et 
al., 2006), and wood floors ( Akoi et al., 2005) to release volatile byproducts. Recently, 
Wisthaller et al. (2005) and Weschler et al. (2007) have shown that ozone reactions with 
human skin oils can be an important contributor to secondary emissions of ketones and 
carboxylic acids in the densely occupied environment of an aircraft cabin.  
Other than surfaces listed above, indoor surfaces coated with consumer products 
by human activities can also react with ozone. Consumer use of cooking oils, cleaning 
agents, air fresheners, and personal hygiene products tend to leave ozone-reactive 
residues on indoor surfaces and on the user. Oils, cleaning agents, soaps and other 
personal hygiene products, contain unsaturated fatty acids and their esters as well as 
terpenes and terpenoids as scenting agents or active solvents. These unsaturated 
compounds react rapidly with ozone (Weschler, 2000), to generate potentially harmful 
secondary pollutants (Nazaroff and Weschler, 2004). Ozone reactions with terpenoids 
produce formaldehyde (Fan et al., 2003; Destaillats et al., 2006), acetone (Atkinson et al., 
2003), glycolaldehyde (Destaillats et al., 2006), formic acid (Destaillats et al., 2006; 
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Atkinson et al., 2003), hydrogen peroxide (Li et al., 2002), hydroxyl radicals (Weschler 
and Shields, 1997b), and secondary organic aerosols (Li et al., 2002; Weschler and 
Shields, 1997b; Wainman et al., 2000; Weschler and Shields, 1999). Reactions with 
triglycerides, fatty acids and related compounds tend to generate aldehydes and 
carboxylic acids (Razumovskii, 1984). Moise and Rudich (2002) performed laboratory 
experiments to study heterogeneous reaction between ozone and oleic and linoleic acids. 
They observed nonanal produced from ozone reation with oleic acid, nonenal isomers, 
and hexanal from ozone reaction with linoleic acid. Figure 1.1 shows an example of 


















volatile and semivolatile ozonation products  
Figure 1.1. Heterogeneous ozone oxidation of linoleic ester to form volatile aldehydes 





Both primary and secondary emissions of VOCs diminish with time although 
their mechanisms are different. Primary emissions are commonly diffusion limited (Cox 
et al., 2002) and diminish rapidly over time (Brown et al., 1994; Wilke et al., 2004). In 
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contrast to primary emissions, secondary emissions are controlled by a combination of 
transport limitations, reaction rates, and the availability of reactants. As just one example, 
Wilke et al. (2004) showed that primary emissions of total VOCs from freshly-made 
flooring installation materials (e.g. adhesive) and floor coverings (e.g. carpet) decreased 
quickly within the 28-day investigation period. After 46 days of testing, they observed 
secondary emissions of acetone, some aldehydes, and aliphatic acids with increasing 
concentrations from some adhesives. These secondary pollutants persisted for over 130 
days. Morrison and Nazaroff (2002a) found that secondary emissions from new carpets 
may diminish as carpets age and lose their ability to react with ozone. They anticipated 
that these surface precursor compounds would eventually become depleted as ozone 
oxidized the limited number of unsaturated bonds in the coating. They also predicted that 
ozone initiated secondary emission rates from carpet would persist under typical field 
conditions for a year or more, but eventually diminish.  
Because of ozone-initiated chemistry, indoor exposure to ozone is accompanied 
by exposure to the products of ozone-initiated indoor chemistry, which can be more 
irritating and odorous than their precursors (Weschler, 2000). Evidence from a variety of 
sources links indoor ozone chemistry with adverse health effects. Recently “sick building 
syndrome” (SBS) symptoms has drawn much attention. Building inhabitants 
experiencing SBS experience symptoms, such as headaches, eye and mucous membrane 
irritation, dizziness, nausea, difficulty in concentrating, fatigue, and etc (Brinke et al., 
1998). These symptoms occur while people are in buildings and gradually fade after they 
leave. Wargocki et al. (1999) showed that emissions from a 20 year-old carpet in an 
office was responsible for reducing productivity (text typing and calculation tasks) of 
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workers. Due to their low odor and irritancy thresholds, ozone-surface reaction products 
may be a causal agent in sick-building syndrome and reduced productivity, although 
these conclusions are tentative (Weschler, 2006).  
Nonanal and 2-nonenal are known to have very low odor thresholds: 13 µg m-3 
(Devos et al., 1990) or 2 µg m-3 (Nagata, 1990) for nonanal, and 0.8 µg m-3 for 2-nonenal 
(Devos et al., 1990). These levels are readily exceeded when ozone, at typical indoor 
cocentrations, reacts with carpets or surfaces coated with cleaners. Worse, oxidation 
products such as formaldehyde and acrolien are carcinogens (Cogliano et al., 2005; 
OEHHA 2006). In animal studies, Wolkoff et al. (2000) showed that ozone/terpene 
reactions are responsible for reduction of respiratory rate and airway irritation. Weschler 
(2006) has also argued that epidemiological correlations between outdoor ozone and 
health effects (Hubbell et al., 2005; Gent et al., 2003; McDonnell et al., 1999) are due to 
indoor exposures from ozone AND reaction products.  
Indoor ozone and surface interactions can increase human exposure to odorous or 
irritating VOCs, organic aerosols, and carcinogens. To protect occupants, indoor 
chemistry must be controlled. There are two approaches to control indoor surface 
chemistry. The first and obvious approach is to reduce indoor ozone levels. This could be 
accomplished by controlling outdoor ozone formation, controlling the rate of entry into a 
building through filtration or other means, or removing ozone from indoor air using an air 
cleaning device. However, with rapidly expanding global development, ambient ozone 
levels will continue to rise. Installing ozone filtration into all buildings is impractical, 
costly, and could significantly increase building energy consumption. The other means to 
control surface chemistry is to reduce the amount of ozone-reactive species emitted into 
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indoor air or coating indoor surfaces. For example, carpet manufacturers might modify 
their manufacturing process to reduce or reformulate reactive oils coatings on carpet 
fibers, thereby reducing secondary products emissions. Further, they may use this 
opportunity to develop carpets that consume ozone without generating reaction products.  
Since consumers use many products, natural or otherwise, that coat surfaces with 
ozone-reactive compounds, it will be impossible to quench all ozone chemistry in 
residences. Until wide-spread ozone control is achieved, it is crucial to better understand 
the rates, sources, products, mechanisms, and the extent to which ozone chemistry 
impacts occupant exposure to both ozone and its byproducts. This research advances our 
understanding of ozone-surface chemsitry and human exposure to indoor pollutants by (1) 
characterizing and quantifying ozone consumption rates and ozone-induced secondary 
emission rates in occupied residences; (2) studying the temporal trends of these reactions 
in homes; (3) and investigating ozone consumption rates and secondary emission rates 
from consumer products that coat residential surfaces during their normal use.  
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2. GOALS AND OBJECTIVES 
There have been many laboratory chamber studies investigating interactions 
between ozone and various indoor surfaces, such as carpet, latex paint, duct materials, 
aircraft cabin surfaces, and etc. Oxidation products were identified and their emission 
rates were quantified. Laboratory studies are the first step to understanding the impact of 
these reactions on indoor environments and the mechanisms that result in ozone uptake 
and secondary emissions. Field experiments that investigate ozone interactions with in-
use surfaces in residences are now necessary to compare against laboratory results and to 
better estimate occupants’ exposure to secondary pollutants. Several researchers (Reiss et 
al., 1994; Morrison and Nazaroff, 2002a) have observed a phenomenon known as ozone 
aging, in which ozone uptake, and in some cases secondary emission rates, decrease as a 
consequence of continued exposure to ozone. Surfaces can also maintain their activity 
with ozone if they are replenished with reactive coatings (surface regeneration). There 
have been no field studies measuring ozone-initiated secondary emissions from 
residential surfaces. Further, ozone aging, secondary emission rate trends and 
regeneration effects have never been evaluated in field homes. Some consumer products 
which primarily contain terpenes and terpenoids, such as cleaning agents and air 
fresheners, have been known to react with ozone and produce aldehehydes, ketones, 
carboxylic acids, and secondary organic aerosols. But, little is known about secondary 
emissions from the products that contain other unsaturated constituents, such as 
unsaturated fatty acids and esters.  
The overall goals of this research are to quantify secondary emissions rates in real 
indoor environments; to observe secondary emission trends for specific surfaces over 
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years; and to quantify secondary emission rates from consumer products in the presence 
of ozone. Specific objectives were as follows: 
1. The first objective of this work was to quantify ozone deposition velocities, 
secondary emission rates and product yields from interactions between 
ozone and a variety of in-use residential surfaces. From these results, 
predictions of indoor incremental increases in secondary products, and any 
evidence of surface aging or regeneration were to be assessed.  
2. Changes in surfaces over time can influence the long-term occupant 
exposure to ozone and its byproducts. Therefore, the second object was to 
quantify the temporal behavior of ozone uptake rates, secondary emission 
rates and yields in field homes over a 1.5 year interval.  
3. Identifying products responsible for regeneration of surfaces, such as soap 
on a countertop, is an important step towards a mechanistic understanding 
of occupant exposure to ozone and its reaction products. Therefore, the third 
major objective was to quantify ozone uptake rates, secondary emission 
rates, and product yields from consumer products that coat indoor surfaces 




3. METHODS AND MATERIALS 
To fulfill the aforementioned objectives, the following experimental plan was 
implemented: 
1. Determination of ozone-initiated secondary emission rates of aldehydes 
from indoor surfaces in four homes 
Please refer to Paper I 
2. Field experiments to explore trends of surface reaction probabilities and 
product yields from indoor surfaces in residences 
Please refer to Paper II 
3. Secondary emissions of aldehydes from consumer products in the 
presence of ozone 














I. OZONE-INITIATED SECONDARY EMISSION RATES OF ALDEHYDES FROM 
INDOOR SURFACES IN FOUR HOMES (Environ. Sci. Technol 2006, 40, 5263-5268) 
HONG WANG AND GLENN C. MORRISON* 
Department of Civil, Architectural & Environmental Engineering, 221 Bulter-Carlton 
Hall, 1870 Miner Circle, University of Missouri-Rolla, Rolla, MO 65409 




Field experiments were conducted in four homes during summer to quantify 
ozone-induced secondary emission rates (SERs) of aldehydes on indoor surfaces. Four 
surfaces in each house were examined: living room carpet, living room wall, kitchen 
floor, and kitchen counter.  Upon exposure to ozone for 3 hours, formaldehyde and C3-
C10 saturated aldehydes, especially nonanal, were emitted as products of ozone-surface 
reactions. Carpet in newer homes had higher SERs than carpet in older homes. For 
example, the nonanal SER from the living room carpet was 80µg m-2 h-1 in a 1 year old 
home, but only 8-20 µg m-2 h-1 in two homes that were greater than 10 years old. All 
kitchen countertops were very reactive and high SERs were observed, especially for 
nonanal. Product yields from countertops were consistent with the products of ozone 
reactions with oleic and linoleic esters, common in cooking oils. These findings suggest 
that carpet surfaces become depleted of reactants as they become oxidized over time. 
However, countertop surfaces, which are cleaned frequently or become covered in 
cooking oils, are continuously replenished with reactants. Over time, countertops may 
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become the dominant contributor to indoor concentrations of secondary aldehydes. 
However, when total surface area is taken into account for the homes assessed, carpet is 
predicted to be the primary source of secondary emissions, even for older homes. 
Keywords  
secondary emission rates; ozone; indoor air; surface reactions; aldehydes; field research 
Introduction 
Building furnishings and consumer products can be important sources of volatile 
organic compounds (VOCs) in indoor environments. Secondary emissions of VOCs, 
defined as emissions resulting from chemical transformations, can also increase the 
concentrations of odorous and irritating compounds (1-4). In this research, we study the 
secondary emissions of carbonyl compounds that result from ozone interactions with 
surfaces in four homes. 
Weschler et al. (1) was the first to show that ozone reacted with an indoor surface 
(carpet) to form formaldehyde, acetaldehyde, and C5-C10 aldehydes. They proposed that 
the source of these carbonyl compounds was the reaction between ozone and unsaturated 
compounds coating or comprisin carpet surfaces. Reiss et al. (2) showed that carbonyl 
groups (aldehydes and ketones) were formed as a result of latex paint exposure to ozone. 
Morrison and Nazaroff showed secondary aldehydes, especially nonanal, were the result 
of the reactive chemistry of ozone with duct materials (3) and carpet (4). They found 
evidence that carpets were coated with unsaturated fatty acids, or nonvolatile polymers 
with some degree of unsaturation. They anticipated that these surface precursor 
compounds would eventually become depleted as ozone oxidized the limited number of 
unsaturated bonds in the coating.  
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Secondary emissions from new carpets may diminish as carpets age and lose their 
ability to react with ozone (5). While some surfaces age, kitchen countertops and other 
surfaces may become more reactive as a result of occupant activities. Nazaroff and 
Weschler (6) explained that many cleaning agents and air fresheners contain chemicals 
that can react with ozone on surfaces to yield potentially harmful secondary products. 
Wang et al.(7) found that during the normal use of consumer products such as soaps and 
oils, which are composed of unsaturated fatty acids and esters, indoor surfaces become 
covered with chemically reactive species that will emit aldehydes in the presence of 
ozone. They suggested that these daily use products regenerate the reactivity of indoor 
surfaces. The replenished surfaces may eventually replace carpet as the dominant 
contributor to secondary emissions. To our knowledge, there are no published reports 
quantifying ozone-initiated secondary emission rates (SERs) from indoor surfaces in field 
homes. The objective of the present study is to evaluate surface aging and regeneration 
by quantifying SERs from a variety of indoor surfaces in four homes. 
Materials and Methods 
Study Homes. Three single-family houses and one apartment in Rolla, Missouri 
were included in the study. Home H1, H2, H3 and H4 were constructed 1, 2, 10 and 14 
years, respectively, before the field experiments. Home H3 is a one-story apartment. 
Homes H1, H2 and H4 are two-story detached family houses. All furnishings are original 
and match the age of the home. The characteristics of four homes and descriptions of 
tested surfaces are listed in Table 1.  
In each home we evaluated the living room carpet or rug, living room wall, 
kitchen floor, and kitchen countertop. All living rooms were furnished with floor-to-floor 
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carpeting except for home H2, which was furnished with hardwood floors and loose area 
rugs. For this home, the loose living room rug was tested. In addition, a loose kitchen rug 
and a dining room rug were tested in homes H2 and H3, respectively. SER experiments 
were conducted once on each surface in each home.  
The air exchange rate was measured using a photoacoustic infrared analyzer 
(INOVA 1302) to measure SF6 decay (ASTM, 2001) (8). With all doors and windows 
closed and the recirculation fan operating, approximately 1 L of SF6 was introduced into 
the center of the living room. Then SF6 was measured every minute at the same location. 
We observed that with the recirculation fan operating, it took less than 30 min following 
injection for the tracer to be well-mixed throughout each home. We used data collected 
30 minutes after injection to evaluate the air exchange rate. 
SER Experiments. SERs of aldehydes formed by reactions between ozone and 
various surfaces were measured using the apparatus shown in Figure 1.  The system 
consisted of an ozone generator, humidifier, field emission chamber, sampling system, 
and an ultraviolet light photometric ozone analyzer (Teledyne model 400A).  The 4.25-L 
Teflon-coated field emission chamber is open on the bottom so that it can be positioned 
on an indoor surface, isolate a defined area of the surface, collect emissions and deliver 
reactants to that surface. Chamber dimensions, materials of construction, and methods of 
isolating the tested area are provided in Supporting Information. Compressed air was 
introduced into the system and split between three streams.  The air stream was passed 
through a humidifier (two gas sparging bottles, filled with distilled water, in series) 
before being mixed with an additional stream to produce air with a relative humidity of 
50±5%. The third air stream passed through an ozone generator and then mixed with the 
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humidified air. The chamber was continuously ventilated at 2.0±0.01 L min-1 of either 
humidified air or humidified air containing ozone. A Teflon three-way valve located at 
the inlet of the chamber was used to redirect the inlet flow so that either the inlet or outlet 
ozone concentrations could be measured. A vacuum pump was used at the exhaust stream 
to balance flow through the chamber.  
Higher molecular weight target carbonyl compounds (C5-C10) were collected on 
sorbent tubes containing Tenax-TA. Two Tenax-TA samples were collected side-by-side 
at the exhaust. One sample was analyzed with GC-FID to quantify emission rate. The 
other sample was analyzed using a GC-MS to identify any non-target compounds. 
Sample flow rates were 0.1 L min-1. Sample volumes were 2.0 L. Ozone is known to 
either react with Tenax or react with some analytes on the surface of Tenax, interfering 
with analyses (9). In prior work, we observed little loss of aldehydes on Tenax (4). 
Additionally, we found that higher molecular weight aldehydes tended to adsorb to the 
surface of ozone scrubber materials, reducing recovery. Thus, ozone scrubbers were not 
used upstream of Tenax tubes. Without a scrubber, ozone reacts with Tenax to form 
nonanal. Thus, we subtracted the average nonanal mass formed, at that ozone 
concentration, from the nonanal mass collected on each sampling tube.  
Lighter carbonyl compounds (C1-C4) were collected using cartridges (Supelco) 
filled with dinitrophenylhydrazine (DNPH) coated silica-gel. The cartridge incorporates 
an ozone trap to eliminate carbonyl losses on the silica gel surface. Sample flow rates 
were 0.5 L min-1. Sample volumes were 30 L. 
An SER experiment is initiated (time t = 0), by ventilating the chamber with 
ozone-free air. From t=0.5 h to t=1.5 h, a DNPH sample was collected at the exhaust so 
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that the sample was centered at t=1 h. Similarly, two Tenax tubes samples were collected 
at the exhaust with the sample interval centered at t = 1 h. Two duplicate Tenax tube 
samples were collected immediately after these samples. These samples were used to 
quantify the primary emissions from surface, in the absence of ozone. Starting at t=1.5 h, 
ozone was introduced into the chamber at a mixing ratio of 100 - 150 ppb. After the 
surface was exposed to ozone for 0.5h, a DNPH and two Tenax samples were collected at 
times centered on t=1 h and 3 h after initiating ozone exposure. These samples were used 
to determine SERs of the reaction between ozone and the surface. A final sample was 
obtained at the chamber inlet as a system inlet blank. Inlet and outlet ozone concentration 
measurements were used to determine the ozone deposition flux to the surface. To test 
indoor air VOC concentration, DNPH and Tenax samples were collected 1 m above floor 
in the main living area of the homes at least 1 h after turning on the recirculation fan. 
System Leak Test. Field emission chambers that are intended to seal onto a 
surface (instead of completely enclosing a surface sample) may leak around the point of 
contact between the chamber and the surface, especially if the surface is not smooth. The 
leak test conditions were the same as those for the SER measurements, except that the 
photoacoustic infrared analyzer was positioned at the exhaust. A known mass of SF6 was 
injected into the inlet at point A, as shown in Figure 1. Assuming the system acts as a 
completely-mixed flow reactor, the gas exchange rate was determined from the rate of 
decrease of the concentration of sulfurhexafluoride during a 0.5 h period (8). The percent 
leakage was determined by comparing the % difference between the estimated and 
measured gas exchange rates. The system was considered ready to use if the leakage was 
less than 5%. 
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Chemical Analysis. Analytes collected on Tenax-TA sample tubes were analyzed 
using an autosampler thermal desorbtion system attached to a gas chromatograph with a 
flame-ionization detector (TD/GCFID).  Tubes were desorbed at 140°C for 10 minutes.  
The TD cold-trap was then desorbed at 150°C delivering the analytes to the GCMS.  The 
GC inlet pressure was 101kPa with a total gas flow rate of 7.3 mL min-1, operated in 
split-less and constant pressure modes.  The oven temperature was initially set at 50°C 
and held there before increasing at a rate of 30°C min-1 up to a maximum temperature of 
250°C.  The FID was set at 250°C with gas flows as follows:  hydrogen, 40 mL min-1; 
compressed air, 450 mL min-1, and nitrogen, 45 mL min-1. Calibration standards for C5-
C10 saturated aldehydes and 2-nonenal were made from pure standards (Sigma-Aldrich). 
Mass calibration was achieved by injecting methanol-diluted standards directly onto 
clean sorbent tubes and analyzed using TD/GCFID. The analysis of indoor air VOCs was 
performed using a thermal desorption system attached to a gas chromatograph with a 
mass spectrometer (GCMS), equipped with an Agilent 122-7033 capillary column (30m, 
0.25mm i.d. 0.5 µm film thickness. Individual aldehydes were quantified using the same 
standards as used in the TD/GCFID system. Light weight aldehydes were analyzed with 
HPLC. Batches of cartridges were prepared based on EPA method TO-11A (10). 
Analytes were identified and quantified using dinitrophenylhydrazone standards. We 
found that an unidentified reaction product interfered with our analysis of acetaldehyde, 
and we therefore do not report results for this compound. 
Laboratory SERs for Carpet. To test the assumption that the ozone reaction on 
indoor surfaces is a first order process (11), we challenged two different carpet samples 
to four different ozone levels (0, 170, 320, 400 ppb) under conditions otherwise identical 
  
20
to those used for field experiments. Reaction products were collected to determine SERs. 
Carpet sample information is shown in Table 1. 
Results 
Secondary Emission Rates. With the high air exchange rate of 30 h-1, product 
formation rates from surfaces were anticipated to be much greater than the product 
formation rates due to homogeneous gas-phase reactions (12). Therefore, results are 
reported in terms of the analyte mass emission rate per exposed surface area (µg m-2 h-1). 
SERs were obtained by subtracting the primary emission rates, from the 3 hr emission 
rates. Although SER measurements were obtained at 1 and 3 hr after initiating ozone 
exposure, we observed that the 3 hr SERs were about 60% higher than the 1 hr SERs. We 
only report the 3 hr results here as they better reflect steady state conditions. Figure 2 
shows the ozone induced SERs for C1, and C3-C10 aldehydes. Acetaldehyde is not 
included, due to uncertainty in identification. C1 and C3 aldehydes are not shown for 
home H3 because DNPH samples were not collected. Each of the four columns of plots 
represents a home, respectively homes H1, H2, H3 and H4. In the first four rows are 
shown the SERs from living room carpet, living room wall, kitchen floor, and kitchen 
counter ,respectively. The fifth row shows the results of additional tested surfaces: 
kitchen rug in H2 and dining room rug in H4. Outlet ozone mixing ratios at the end of 
each experiment are listed in the figure. Uncertainty bars represent error propagation of 
the standard error of calibrations and replicate experiments for each surface.  
Ozone interactions with indoor surfaces resulted in increased emissions of C1 and 
C3 – C10 saturated aldehydes. Living room carpets in homes H1 and H2 also emitted 2-
nonenal, denoted 9’ in Figure 2. SERs of individual aldehydes ranged from less than the 
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method detection limits (MDL), for most aldehydes emitted from walls, to 208µg m-2 h-1 
for nonanal emitted from kitchen countertop in home H2. Nonanal was the most 
prominent secondary aldehyde emitted from any surface. Although the number of homes 
tested was small, SERs from carpet and kitchen floor in new homes appear to be 
substantially higher than that from older homes. The living room carpet SER of nonanal 
in home H1 was 80µg m-2 h-1, but only 8µg m-2 h-1 in H4. The kitchen floor SER of 
nonanal in home H2 was 127µg m-2 h-1 but only 1.8µg m-2 h-1 in H4. Most of wall SERs 
were below the MDL. The highest SER for formaldehyde was observed for H4 living 
room carpet (6.75 µg m-2 h-1). High SERs generally corresponded to lower outlet ozone 
mixing ratios.  
Yields. The “yield” represents the reaction product yield, based on the assumption 
that SERs are proportional to ozone deposition rates. The yield is defined as the ratio of 
the molar SER to the molar flux of ozone to that surface.  Shown in Figure 3 are yields 
for C1, C3 - C10 aldehydes from kitchen countertop and living room carpet in H1, H2 and 
H4. Yields for C5-C10 aldehydes are shown for H3. Typically, the nonanal yield for 
countertop was ~0.2, indicating 20% of the deposited ozone produced nonanal. The 
summed formation for all target aldehydes ranged between 0.07 and 0.51.  
The emission patterns are qualitatively similar among counter tops of different 
houses indicating that the surfaces are covered with similar reactants that produce 
primarily nonanal and hexanal. The emission patterns are qualitatively different between 
kitchen countertop and living room carpet. In home H2, nonanal accounted for 71% of 
the total molar SER from the countertop, but only 23% of the total molar SER from 
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living room carpet. This suggests that the composition of surface reactants differ between 
carpets and countertops. 
Indoor Aldehyde Concentration. The concentrations of aldehydes in indoor air 
are shown in Figure 4. New homes had higher levels of lower molecular weight 
aldehydes than older homes. The high formaldehyde, pentanal and hexanal levels may 
come from newer manufactured wood products. Hodgson et al. (13) observed relatively 
high formaldehyde, pentanal and hexanal concentrations in a newly built home and 
ascribed these to primary emissions from plywood subfloor, passage doors and cabinetry. 
Even though secondary nonanal yields are highest on new home carpet, other aldehydes 
are observed at the highest concentrations in air. Primary emission rates appear to 
dominate secondary emission rates in newer homes. 
Deposition Velocity. The ozone deposition velocity is a mass transfer coefficient 
that, for these experiments, acts as a relative indicator of the reactivity of surfaces. The 
ozone deposition velocity (vd) was determined from the experiments by modeling the 







+−=       (1) 
where Q is the volumetric flow rate through the reactor, A is the surface area of the 
material, Ac is the inner surface area of the chamber, Cinlet is the inlet ozone concentration 
and Coutlet is the outlet ozone concentration. The inherent reactivity of the chamber, 
parameterized by the chamber surface deposition velocity, vd,c, was determined 
beforehand in the lab (0.40 m h-1). 
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Deposition velocity results are shown in Figure 5. Materials with higher surface 
aldehyde emission rates tended to have higher ozone deposition velocities. The highest 
ozone deposition velocity (7.2 m h-1) was measured on the H2 kitchen countertop where 
we observed the highest SERs of aldehydes. We also observed a tendency for the 
deposition velocity on carpet to decrease from the newest home H1 to the oldest home 
H4. This may be due to ozone “aging” of carpet as observed by Morrison and Nazaroff in 
laboratory chamber experiments (5). Our observed range of values for the oldest to the 
newest carpet (1.4 to 5.4 m h-1) falls within range observed by Morrison and Nazaroff for 
heavily exposed carpet (1.4 m h-1) and a freshly exposed carpet (6.1 m h-1). The range of 
values is in the high range estimated for carpets installed in a building (0.3 - 6.5 m h-1) 
(15), probably because the large air exchange rate of the field emission cell engenders 
higher transport rates. Similarly, the maximum deposition velocity for kitchen counter-
tops (7.2 m h-1) was near the maximum anticipated for very reactive surfaces in buildings 
(~8 m h-1) and high local shear stress. 
Figure 6 shows the relationship between the total secondary aldehydes molar 
emission rates and ozone flux for all tested surfaces. Ozone flux correlates with the 
summed aldehyde molar emission rates with a slope of 0.24 ± 0.076. The slope 
corresponds to an overall aldehyde yield of 0.24, which compares well with the average 
value from Figure 3 of 0.16. The intercept shown may indicate that ozone is consumed by 
reactions other than those that form aldehydes, or that we are not quantifying all reaction 
products. 
1st Order Reaction. Figure 7 shows the relationship between the steady state, 
residual ozone concentration and the SERs for hexanal, nonanal and total aldehydes. We 
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observe that SERs increase linearly with the ozone concentration. We also observe a 
linear relationship between ozone flux and SERs. Therefore, the ozone-surface reaction 
appears to be first order. Further, the product yields reported for these experiments are 
independent of the residual ozone concentration. 
Discussion 
Secondary Emission Rates. Total SERs of aldehydes from living room carpet in 
new homes, of the order of 250 µg m-2 h-1, are comparable to or higher than ozone-
induced SERs from prior carpet studies (4). However, the SERs from the carpet in older 
homes were significantly lower than in new homes. It has been suggested that vegetable-
based oils, which contain unsaturated fatty acid esters such as esters of linolenic, linoleic, 
and oleic acids, are responsible for the SERs of nonanal and hexanal from carpets or 
other indoor surfaces (4, 16). With time, the older carpet surfaces of H3 and H4 appear to 
have become depleted of these reactive oils. The results confirm that 2-nonenal, an 
unsaturated aldehyde with a low odor threshold, is the product of ozone chemistry with 
new carpets (H1 and H2) as observed by Morrison and Nazaroff (4). This compound was 
believed to be released as ozone reacting with modified forms of vegetable oils in which 
double-bond positions have been shifted by processing (4). Moise and Rudich (17) 
suggested that this compound may be formed in when ozone reacts with unmodified 
linoleic acid. However, 2-nonenal was not observed in the reactions with countertops that 
are expected to be coated with linoleic acid from cooking oils (7) or in ozonation 
experiments with linseed or tung oils (4).   
We observed relatively high SERs from countertops of all homes, matching the 
laboratory findings of Wang et al. (7). They found similar emission rates and emission 
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patterns from countertops coated with cooking oils. The relatively high nonanal and 
hexanal SERs suggest that the countertops are coated with oleic and linoleic acids or 
esters. Within limits, we would expect that the more a kitchen is used for cooking, or is 
cleaned, the higher the SERs will be from kitchen surfaces. From interviews with 
occupants we found that, qualitatively, the H2 kitchen was used most frequently for 
cooking among the four homes. This is in keeping with the finding that nonanal SERs 
from the H2 kitchen countertop was the highest among all homes. Unlike living room 
carpet, the SERs of nonanal from countertops in new homes are of the same order of 
magnitude as that in older homes. Daily use consumer products, including oils and 
cleaners, appear to regenerate the surface, continuously supplying unsaturated fatty acids 
or triglycerides. This suggests that, in time, kitchen countertops, or other frequently 
cleaned surfaces, may replace carpet as the dominant contributor to indoor SERs of 
aldehydes. 
Normalized Secondary Emission Rates. To understand which surface in each 
home contributes most to SERs, we determined the ozone normalized SER as shown in 
Figure 8a. The ozone normalized SER was obtained by dividing the summed aldehyde 
SERs with the outlet ozone concentration (µg m-2 h-1 ppb O3-1).  This puts the SER for 
each surface on the same basis for comparison since the chamber ozone concentration 
varied among experiments. From H1 to H4, the total ozone normalized SER for carpet 
decreases for older homes. Normalized, kitchen countertops are much stronger emitters 
than carpet in older homes.  
To consider how the actual area of these surfaces influences total emissions, we 
multiplied the ozone normalized SER by the superficial surface area of each surface from 
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Table 1 to obtain Figure 8b. Compared in this manner, carpet remains the dominant 
contributor of SERs in new and old homes.  
SERs were very low or undetectable from some walls and kitchen floors. This is 
in keeping with the low ozone uptake rates. However, high primary emission rates of 
lighter aldehydes in homes H1 and H2, as evidenced by high indoor concentrations, may 
have obscured low SERs. It is also possible that the primary emissions of adsorbed 
species were still relatively high during the 1 h initial sampling period, biasing the 
calculated SERs to lower values. We also observed that the 3 h SER was generally higher 
than the 1 h SER. This suggests that products may adsorb strongly to indoor surfaces in 
field homes, delaying the approach to steady state. 
Implications for Indoor Air Quality. To estimate the increase in aldehyde 













C λ  
where Caldehyde is the steady state aldehyde concentration increment due to ozone 
reactions at an indoor surface(µg m-3), vd is the ozone deposition velocity (m h-1), CO3 is 
the steady state ozone concentration (µg m-3), y is the aldehyde yield, A is the specific 
surface area (m2), λ is the air exchange rate (h-1), V is the building volume (m3), 
MWaldehyde is the molecular weight of the aldehyde (g mol-1), and MWO3 is the molecular 
weight of ozone (g mol-1). We assume an indoor ozone mixing ratio of 20 ppb (40 µg m-3) 
(18), which is anticipated to occur near midday during the ozone season in a typical 
indoor setting.  Since our deposition velocity values were obtained from a field emission 
cell at a high air exchange rate, we chose to use a more conservative value, 1.44 m h-1, 
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estimated for carpet under average air velocity conditions (15)  Values for A, V, and λ 
were taken from Table 1 and aldehyde yields taken from individual experiments (see 
Figure 3 and Supplementary Material, Table SII). As an example for home H1, the 
estimated SERs for nonanal and 2-nonenal from carpet are 17 µg m-2 h-1and 3.4 µg m-2 h-
1respectively. The steady-state concentration increment due to secondary emissions of 
nonanal and 2-nonenal from carpet alone is estimated to be 16 µg m-3 and 3.1 µg m-3. The 
odor threshold for nonanal has been reported to be 13 µg m-3 (19) or 2 µg m-3 (20), and 
for 2-nonenal, 0.8 µg m-3. (19). Thus, even for moderate indoor ozone levels, the 
estimated concentration increments of nonanal and 2-nonenal, due to H1 carpet, exceed 
their odor thresholds. Further, we find that odor thresholds would be exceeded in home 
H2 for nonanal due to the kitchen floor, and 2-nonenal due to the living room carpet. We 
did not observe 2-nonenal in building air samples, but the nonanal concentrations were of 
the same order of magnitude as these estimates. Where formaldehyde yield was 
quantifiable, the estimated indoor concentration increment was less than 3 µg m-3. 
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TABLE 1. Characteristics of four homes and their surfaces 
field homes parameter H1 H2 H3a H4 
age (y) 1 2 10 14 
volume (m3) 505 560 175 810 
carpet area (m2) 170 73b 53 228 
kitchen countertop 
area (m2) 2.6 3.3 1.8 4.9 
kitchen floor area 
(m2) 12.4 80.2 10.6 26.6 
wall area (m2)c 282 404 90 450 
air exchange rate 
(h-1) 0.36 0.14 0.84 0.22 
R2 of tracer decay  0.994 0.995 0.990 0.955 
living room carpet nylon cut pile carpet 
hardwood floor 
covered with  
wool rugs 
nylon cut pile 
carpet 
nylon cut pile 
carpet 
carpet pile height 
(cm)  1.0 1.2 0.9 1.0 
living room wall latex paint latex paint latex paint latex paint 
kitchen floor ceramic tile ceramic tile vinyl hardwood floor 
kitchen countetop resind laminate laminate resin 
kitchen rug  polypropylene rug   
dining room rug   polypropylene rug  
laboratory experiments 
 carpet I carpet II 
pile height (cm) 1.0 0.7 
material polyester cashmere 
 
a one-story apartment b Home H2 carpet area includes the loose living room rug and 
any other carpeted surfaces. c The ceiling is not included in wall area; d Resin countertop 
(non-porous surface) is a solid surface material made from acrylic resin (PMMA) and 































FIGURE 1. Experimental apparatus for measuring ozone-induced secondary emission 
rates from in-use surfaces. SF6 was injected into the inlet branch at position 
A and the concentration decay was measured at the exhaust to determine the 
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FIGURE 2. Secondary aldehyde emission rates for each studied surfaces in four homes. 
Category axis numbers correspond to the number of carbons in aliphatic 
aldehydes except for 2-nonenal, which is denoted 9’. C1, C3 and C4 
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FIGURE 4. Indoor aldehyde concentrations in each home. C1, C3 and C4 aldehydes are 
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FIGURE 7.  Secondary hexanal, nonanal and total aldehyde emission rates for carpet 
surfaces as a function of steady state residual ozone concentrations. The 
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Abstract 
Field experiments were conducted in five homes (labeled H1 through H5) in three 
seasons: summer 2005; summer 2006; and winter 2006, to quantify ozone-initiated 
secondary aldehyde yields, surface reaction probabilities and any temporal trends over a 
1.5-year interval. Surfaces examined include living room carpet, bedroom carpet, kitchen 
floor, kitchen counter and living room wall; not every home or surface was examined in 
every season. Reaction probabilities for all surfaces in all seasons ranged from 9.4 × 10-8 
to 1.0 × 10-4. There were no significant temporal trends in reaction probabilities for any 
surfaces from summer 2005 to summer 2006, nor over the entire 1.5 year period, 
indicating that it may take significantly longer than this period for surfaces to exhibit any 
“aging’ or lowering of ozone-surface reactivity. There may be some seasonality to 
surface uptake rates of ozone as all surfaces in three houses exhibited a significant 
decrease of reaction probabilities from summer 2006 to winter 2006. The total yields of 
aldehydes for the summer of 2005 were in good agreement with those from the summer 
of 2006. However, we observed a significant decrease in the total aldehyde yield from 
summer 2006 to winter 2006. The decline in the total yields from summer to winter might 
be caused by an unidentified change in some feature or features common to all surfaces 
but associated with the season. We also observed that carpets in older homes were 
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consistently less reactive than in newer homes, but that countertops remained consistently 
reactive, probably due to occupant activities such as cooking and cleaning.  
Keywords  
reaction probability; secondary aldehyde yields; ozone; indoor air; surface reactions; 
aldehydes; field research 
Introduction 
Indoor surface reactions can influence occupant exposure to smog and oxidized 
organic compounds. The reaction of ozone with carpet (1, 2), latex paint on walls (3) and 
other surfaces (4-11) drive indoor ozone concentrations down while increasing the gas 
phase concentrations of volatile reaction products. Secondary emissions, defined as 
emissions resulting from chemical transformations(1-4, 12-13), are of increasing concern. 
Weschler (14) recently argued that indoor ozone and its reaction products may be 
partially responsible for the effects of ambient smog ozone: significant adverse health 
effects are associated with even small incremental increases in ambient ozone 
concentrations (15-17). Ozone reacts with carpet (1, 2), latex paint (3), duct materials (4), 
soiled ventilation filters (5) and wood floors (6), typically generating formaldehyde, 
acetaldehyde and C5-C10 aldehydes as volatile products. Most reactions appear to be a 
consequence of ozone oxidation of unsaturated organic compounds coating or comprising 
surfaces. Reactions with triglycerides, fatty acids and related compounds tend to generate 
aldehydes and carboxylic acids (2, 18). Recently, Wisthaller et al. (19) and Weschler et 
al. (20) have shown that ozone reactions with human skin oils can be an important 
contributor to secondary emissions of ketones and carboxylic acids in the densely 
occupied environment of an aircraft cabin.  
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Several authors (21, 22) have observed a phenomenon known as ozone aging, in 
which ozone uptake, and in some cases secondary emission rates, decrease as a 
consequence of continued exposure to ozone. In contrast with primary emissions of 
VOCs, which are commonly diffusion limited (23) and diminish rapidly over time (24, 
25), secondary emission rates are thought to be controlled by a combination of mass 
transport limitations, reaction rates and the availability of reactants. Morrison and 
Nazaroff (2) suggested that carpet surface precursor compounds would eventually 
become depleted as ozone oxidized the limited number of unsaturated bonds in the 
coating. Thus, ozone uptake rates and secondary emission rates for carpet would 
gradually decrease over time, and the persistence of these emissions would be determined 
by the rate of oxidation and the size of the reservoir of reactive species coating the carpet 
fibers. On the other hand, indoor surfaces such as kitchen countertops can periodically be 
replenished with reactive coatings as a result of occupant activities. Cleaning agents and 
air fresheners are composed of terpenes and terpenoids that increase the ozone reactivity 
of surfaces (9, 11) and generate formaldehyde, acetaldehyde, acetone, glycolaldehyde, 
carboxylic acids and secondary organic aerosols. Wang et al. (10) showed that soaps and 
oils also increase the ozone reactivity of a kitchen countertop and generate a variety of 
aldehydes. Over time, individual surfaces may experience very different usage histories, 
and contribute in very different ways to ozone uptake and secondary product emission 
rates.  
Reiss et al. (26) observed that ozone reaction probability on glass tubes painted 
with latex paint decreased as the tubes were exposed to small amount of ozone in the 
laboratory for about 1 year. Morrison and Nazaroff predicted that ozone initiated 
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secondary emission rates from carpet would persist under typical field conditions for a 
year or more (2), but eventually diminish. In support of this prediction, carpet in older 
homes was observed to be less reactive than carpet in newer homes (27). However, there 
have been no field measurements of secondary emission trends for specific surfaces in 
the same homes over year-long periods. Therefore, the objective of this study was to 
evaluate trends in the ozone-surface reaction probabilities and molar yields of C1-C10 
aldehydes for surfaces in field homes over a period of 1.5 years. Combined, the reaction 
probability and molar yields allow for system independent comparisons of ozone 
consumption rates and reaction product generation rates. To meet this objective, we used 
previously developed techniques (27) to isolate and quantify reaction and emission rates 
on sections of counter-tops, carpet and hard flooring, during three consecutive seasons in 
five homes.  
Materials and Methods 
Study Homes. Three single-family houses and two apartments in Rolla, Missouri 
were studied over a 1.5 year interval, during the summer of 2005, summer of 2006, and 
winter of 2006. Homes H1, H2, H3, H4 and H5 were constructed 1, 2, 10, 14 and 12 
years, respectively, before the summer 2005 field experiments. Homes H1, H2 and H4 
are two-story detached family houses. Home H3 is a one-story apartment studied only 
during the summer of 2005 and not included in the 1.5 year trend analysis, but included 
in other analyses.  In the summer and winter of 2006, apartment H5 was included because 
H3 was not available. All furnishings are original and match the age of the home except 
for the living room and bedroom carpets in H5, which were replaced in 2002. The 
characteristics of the five homes and descriptions of tested surfaces are listed in Table 1. 
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All surfaces were tested as-is (cleaned or not); kitchen countertops were free of visible 
debris when tested. 
In the summer of 2005, the living room carpet or rug, living room wall, kitchen 
floor and kitchen countertop were evaluated. All living rooms were furnished with wall-
to-wall carpeting except for home H2, which is furnished with hardwood floors and loose 
area rugs. For this home, the living room area rug was tested.  Beginning with the 
summer of 2006, living room walls were excluded from the study because walls had 
exhibited very low reactivity (27). Further, bedroom carpet was added to determine if 
there is an observable difference between the secondary emission rates for carpet located 
in the bedroom and the living room.  In the summer of 2005, experiments were conducted 
once for each surface in each home. Starting in the summer of 2006, replicate 
experiments were performed on most surfaces and the number of replicates was 
determined based on the surface area available. For example, the H5 kitchen countertop 
was tested in one location only because the total countertop area did not allow for non-
overlapping areas of testing with the field emission chamber. Larger surfaces were tested 
twice. Living room carpet was also tested at locations close to and further away from 
kitchen to evaluate the possibility that kitchen activities influence ozone uptake and 
secondary emission rates. 
The air exchange rate for each home was quantified by tracer gas decay with all 
doors and windows closed and the recirculation fan operating (28). None of the homes 
had any form of fresh air forced ventilation. The air exchange rate was determined by 
introducing approximately 1 liter of SF6 into the homes and measuring the decay in the 
SF6 concentration continuously with a photoacoustic infrared analyzer (INOVA 1302). 
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Secondary Emission Rate Experiments. Secondary emission rates of aldehydes 
formed by reactions between ozone and various surfaces were measured using the 
apparatus shown in Figure 1 of Wang and Morrison (27). The system consisted of an 
ozone generator, humidifier, field emission chamber, sampling system, and an ultraviolet 
photometric ozone analyzer (Teledyne model 400A).  The field emission chamber is 
designed to isolate a defined area of the surface. Humidified air or humidified air 
containing ozone was continuously delivered to the chamber at flowrate of 2.0±0.01 L 
min-1 from an inlet port. The relative humidity and inlet ozone mixing ratios were 
controlled at 50±5% and ~150 ppb, respectively, by adjusting flowrate passing through 
three air streams in the system. Reaction products were collected from an outlet port. A 
vacuum pump was used at the exhaust stream to balance flow through the chamber and 
adjusted to accommodate the sampling flow rate. Detailed information about experiment 
setup, field emission chamber dimensions, material of construction, and methods of 
isolating the tested area are provided in Wang and Morrison (27). As in (27), system leak 
tests were performed before each field experiment to ensure that the system leakage 
percentage was less than 5% (28).  
Higher molecular weight aldehydes (C5-C10) were collected on sorbent tubes 
containing Tenax-TA. Sample flow rates were 0.1 L min-1. Sample volumes were 2.0 L. 
Lower molecular weight aldehydes (C1-C4) were captured using cartridges (Supleco) 
filled with silica gel coated with dinitrophenylhydrazine (DNPH) and incorporating an 
ozone trap. Sample flow rates were 0.5 L min-1. Typical sample volumes were 30 L.  
We established in laboratory experiments (27) that 1.5 hours of ozone exposure in 
our chamber is sufficient to achieve steady state secondary emissions. Therefore, to 
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ensure we achieved steady-state conditions in field experiments, we doubled this time 
period and exposed the surface to ozone for 3 hours before collecting aldehyde samples. 
Aldehyde emissions were measured before and during exposure to ozone. The surface 
was ventilated with ozone-free air beginning at time t = 0. From t = 0.5 h, an air sample 
was collected using a DNPH tube at the exhaust for 1 h. Centered at t = 1 h, two Tenax 
tubes were attached to the exhaust stream to collect samples for 20 min. These samples 
represent the emissions from surface in the absence of ozone. Starting at t = 1.5 h, ozone 
was introduced into the chamber at the mixing ratio of approximately 150 ppb. After the 
surface was exposed to ozone for 2.5 h, a DNPH sample was collected for 1 h. Then 
Tenax samples were collected centered at t = 3 h. These samples were used to determine 
secondary aldehydes emission rates of the 3 hour-reaction between ozone and surface. A 
final sample was obtained at the chamber inlet to represent a system blank. The sampling 
air flow rate was continuously monitored by a mass flow meter. Inlet and outlet ozone 
concentration measurements were used to determine the ozone conversion rate and the 
deposition velocity for that surface.  
Chemical Analysis. Analytes collected on Tenax-TA sample tubes are analyzed 
using an auto sampler thermal desorption system attached to a gas chromatograph with a 
flame-ionization detector (TD/GCFID). Tenax tubes were desorbed on TD and the TD 
cold-trap delivered the analytes to HP-5 5% phenyl Methyl Siloxane column in the 
GCFID. GC was operated in split-less and constant pressure modes. Light weight 
aldehydes are analyzed with HPLC. DNPH samples were prepared and analyzed based 
on EPA method TO-11A (29). Details of the TD/GCFID and HPLC analysis methods are 
described in Wang and Morrison (27). 
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Deposition Velocity, Reaction Probability and Laboratory Measurement of 
the Mass Transport Limited Deposition Velocity. The ozone deposition velocity, vd, is 
a mass transfer coefficient defined as the ozone flux to the surface divided by ozone 
concentration in the field emission chamber. The deposition velocity is dependent on the 
experimental system, and measurements using different experimental systems are not 
directly comparable. The surface reaction probability, however, is a system-independent 
parameter that is defined as the rate at which ozone is irreversibly consumed by a surface 
divided by the rate of ozone-surface collisions. The reaction probability was determined 
by combining two experimentally derived parameters in the field emission chamber: the 













vγ                                                                                             (1) 
where v  is the Boltzmann velocity for the pollutant, which for ozone is  
3.62 × 104 cm s-1 at 296 K.  
 To determine the ozone reaction probability with each surface, the transport 
limited deposition velocity, vt, was measured for that surface or an equivalent surface 
(30). To obtain transport limited conditions, surfaces were coated with potassium iodide, 
which exhibits minimal resistance to ozone uptake (31). A 33 cm-diameter circle of filter 
paper (used to approximate the smooth kitchen floor and countertop surfaces) and carpet 
were first soaked in a saturated potassium iodide solution, and then dried in an oven at 30 
°C for overnight. The transport limited deposition velocity was measured by conducting 
laboratory experiments on these coated surfaces under conditions otherwise identical to 
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those used to measure vd. The reaction probability for each surface was then calculated 
using Eq. 1. 
Results and Discussion  
Duplicate Measurements of Reaction Probability and Yield on Surfaces. 
Starting in the summer of 2006, replicate experiments were performed on most surfaces 
of living room carpet, kitchen countertop, and bedroom carpet. Reaction probability and 
yield were quantified on these surfaces. Results of replicates are provided in the 
Supporting Information. For living room carpet, we measured the reaction probability on 
carpet away from and close to the kitchen. In summer 2006, the reaction probabilities on 
carpet away from kitchen and close to kitchen did not exhibit significant difference. 
However, in winter 2006, the reaction probabilities on carpet close to kitchen were higher 
than those on carpet away from kitchen. A previous study (10) showed that human 
activities in kitchen such as cooking or cleaning might replenish kitchen surfaces with 
ozone-reactive precursors such as oils and soaps, and thus increase surface reactivity. The 
surface of carpet close to the kitchen might also be influenced by kitchen activities and 
exhibit a higher reaction probability as a result. Since reaction probabilities on carpet 
close to the kitchen were not consistently higher than those away from kitchen, the 
reaction of ozone and living room carpet was not consistently affected by kitchen 
activities. We also measured reaction probabilities on living room carpet and bedroom 
carpet to determine if kitchen activities influenced carpet reactivity with ozone. 
Comparing the average reaction probabilities in both summer and winter of 2006, we did 
not observe a significant difference. Overall, kitchen activities did not consistently 
increase carpet reactivity with ozone. 
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Replicate measurements of a material with a uniform surface composition, should 
result in nearly identical secondary aldehyde yields. In support of this hypothesis, 
laboratory determination of yields, using methods that were identical to field 
experiments, were reproducible. In general, replicate total yields from kitchen counter-
tops were moderately repeatable, and patterns were similar, but they exhibited higher 
variability than for laboratory experiments. However, measurements from different 
locations on the same carpet deviated substantially and yield patterns did not appear to be 
consistent. These results point to non-uniformity of substrates or coatings on in-use 
surfaces in residences. Therefore multiple measurements are preferable. In the following 
section, the average reaction probabilities and yields are reported.  
Reaction Probabilities and Deposition Velocities. Reaction probabilities and 
deposition velocities for surfaces of carpet (living room and bedroom), kitchen floor and 
countertop are shown in Table 2. Transported-limited deposition velocities used to 
calculate reaction probabilities were 22.3 and 31.7 m h-1 for carpet and filter paper, 
respectively. The deposition velocities for all surfaces in three seasons ranged from 0.6 m 
h-1 for H4 kitchen floor tested in the winter of 2006 to 13.6 m h-1 for H5 living room 
carpet tested in the summer of 2006.  
Reaction probabilities for all surfaces in all seasons spanned an order of 
magnitude from 9.4 × 10-8 to 1 × 10-4 with an average uncertainty of ±27%. The 
uncertainty in the reaction probabilities were determined by error propagation analysis of 
Eq 1 incorporating uncertainties for vd, vt and replicate experiments for each surface.  The 
range of reaction probabilities for upward facing surfaces encompass those of the whole 
carpet final reaction probabilities of 6.6 × 10-6 to 3.1 × 10-5 reported by Morrison and 
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Nazaroff (32) and fall within the ranges observed by Sabersky (21) for cotton muslin, 
lamb’s wool and neoprene. The very low reaction probability of the walls observed 
during the summer 2005 season is consistent with laboratory observations (3) that aged, 
painted drywall exhibits low ozone reactivity. However, Nazaroff et al. (33) reported that 
the area-averaged deposition velocity measured in rooms and buildings was “remarkably 
similar”. They hypothesized that, due to water films or soiling, indoor surfaces react with 
ozone at similar rates. This is not borne out by our observations, but our measurement 
method may not properly measure the in-use reaction probability (or aldehyde yields). 
Our surface isolation method, and others such as the FLEC (34) quantifies ozone 
reactivity for the substrate only. Under “real” conditions, volatile or semi-volatile 
reactive compounds (e.g. terpenes) can partition to low reactivity surfaces, significantly 
enhancing their reactivity (9). By isolating the surface with the clean-air-purged chamber, 
we may be “cleaning” the surface of any volatile reactive compounds. Therefore, the 
chamber method is appropriate for measuring the background reactivity of the substrate, 
but will not reflect the local ozone uptake rates that are influenced by transient adsorbed 
species. 
Reaction Probability Trends. To evaluate temporal trends in surface reactivity 
over 1.5 years, we compared reaction probabilities (Figure 1) in three seasons for four 
individual surfaces, living room carpet, bedroom carpet, kitchen countertop and floor, but 
only for homes H1, H2, H4 and H5. For bedroom carpet, we only compared results 
between summer and winter of 2006 because bedroom carpet was not tested in any home 
during the summer of 2005. Similarly, H5 reaction probabilities for any surface are only 
available for summer and winter of 2006.  We observed a significant decrease in reaction 
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probabilities (95% confidence) for homes H1, H4 and H5 from summer 2006 to winter 
2006. However, there was a consistent increase in reaction probabilities during this 
period in home H2. From interviews with the owner of H2, the number of occupants 
increased from 3 to 6 between summer and winter of 2006.  Higher occupant density and 
a greater intensity of occupant activities (e.g. cooking) might have resulted in a high rate 
of surface replenishment throughout the houses with reactive compounds such as cooking 
oils or skin oils. The decrease observed for homes H1, H4 and H5 may be related to 
observations that the ozone deposition velocity tends to increase with increasing relative 
humidity (26, 35-36). Indoor conditions are much dryer during winter than summer; note 
however, that during the experimental determination of the reaction probability, the 
relative humidity over the surfaces was maintained at 50%. Over the whole 1.5 year 
period, and for the summer 2005 to summer 2006 period, we observed no significant 
changes or significant trends of reaction probabilities.  
In laboratory experiments, the ozone/surface reaction probability tends to 
decrease with ozone exposure (21, 26, 32). In our field experiments, we may be 
observing this effect seasonally (summer to winter of 2006), but there were no clear 
trends over the whole 1.5 year period. The aging effect may be too slow to recognize over 
this period and for the relatively small number of homes, especially if occupants deposit 
reactive substances.  
Comparisons of Summed Aldehyde Yields among Three Seasons. The yield is 
an ozone-concentration-independent value that can be used to probe surface mechanisms 
and predict secondary emissions over a wide range of environmental conditions.  
Changes in aldehyde yields over time can indicate that the composition of the surface has 
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changed. Thus, we conducted two separate comparisons of summed aldehyde yields: 
summer 2005 vs. summer 2006 and summer 2006 vs. winter 2006. In Figure 2A the 
summed yields of summer 2006 were plotted against those of summer 2005. This figure 
includes the summed yields for three common surfaces (living room carpet, kitchen floor 
and countertop) that were tested in three common houses (H1, H2 and H4) in both 
summers. The summed yield of H4 kitchen floor was excluded due to measurement error 
(27). In Figure 2B the summed aldehyde yields of winter 2006 were compared against 
those of summer 2006. This figure includes the summed yields for four common surfaces 
(living room carpet, bedroom carpet, kitchen floor and countertop) tested in four houses 
(H1, H2, H4 and H5). The yields for the summer of 2005 are in good agreement with 
those of summer 2006 except for H1 kitchen countertop (0.39 vs 0.89). If H1 kitchen 
countertop yield is excluded, the total aldehyde yields of summer 2005 match to those of 
summer 2006 with a slope of 0.99 ± 0.12, exhibiting a strong consistency. At the level of 
individual aldehydes, yield patterns did not exhibit consistency between summers. As 
shown in Figure 2B, there was no relationship between total yields between summer 2006 
and winter 2006. A 1:1 line was added in Figure 2B to demonstrate the difference in 
yields between the two seasons. Most points in Figure 2B are positioned to the right of 
the 1:1 line, indicating most surfaces exhibited higher yields in summer than in winter. 
In the absence of a compositional change, we would not anticipate a change in 
total yield, or the yield of individual aldehydes, even if the ozone reaction probability 
declines. Double-bonds in biogenic oils tend to react with ozone with roughly equal 
probability (37). Thus, as reactive sites become depleted by ozone oxidation, the 
proportion of site types should remain constant.  The strong consistency of total yields 
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from 2005 summer to 2006 summer suggests that the surface coverage of aldehyde 
generating precursors remained fairly unchanged over that period. However, since the 
pattern of aldehyde yields does not show this level of consistency, the relative 
composition of precursors may have changed. Some researchers have observed that lower 
humidity results in lower yields (3, 38). The decrease in the total yields from summer to 
winter might be interpreted as a change in some seasonal feature common to all surfaces, 
such as relative humidity, that makes the aldehyde production less favorable.  
Surface Specific Secondary Aldehyde Yields.  Figure 3 shows 3-season, 5-
house averaged yields of C1 - C10 saturated aldehydes and the unsaturated aldehyde 2-
nonenal from living room carpet, bedroom carpet, kitchen floor, and kitchen countertop, 
respectively. In this box-and-whisker plot the average individual secondary aldehyde 
yields are shown as a horizontal bar in the interior of each box, the 95% confidence 
intervals as boxes, and the lower and upper limits as whiskers. The average summed 
aldehyde yields for each surface are listed in each big box in Figure 3. Ozone interactions 
with indoor surfaces resulted in increased emissions of C1 - C10 saturated aldehydes. 
Unsaturated aldehyde 2-nonenal denoted as 9* in Figure 3 was emitted only from living 
room carpet. The average C1 - C10 aldehydes yields ranged from 0, due to secondary 
emission rates were less than the method detection limits (MDL) for acetaldehyde and 
butanal from most surfaces, to 0.21 for the average nonanal yield for kitchen countertop.  
For all surfaces, nonanal was the most prominent secondary aldehyde emitted 
from any surface. Formaldehyde and hexanal were also produced with relatively high 
yields compared with other aldehydes.  Relatively high emissions of hexanal and nonanal 
suggests that secondary emissions were caused by interactions of ozone with oleic and 
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linoleic acids/esters from biogenic oils (2, 21). Cooking oils are rich in oleic, linoleic and 
linolenic esters (triglycerides). Ozonolysis should generate propanal, hexanal, nonanal, 3-
hexenal, 3-nonenal and 3, 6-nonadienal, although double bonds may shift during the 
reaction (37). As anticipated, the first three are prominent products from kitchen 
counters; the last three were not targeted in this analysis.  
The secondary nonanal (and total) yields increased in the following order: 
bedroom carpet; living room carpet; kitchen floor; and kitchen countertop.  It is not 
surprising that the summed yield for kitchen counters, repeatedly contaminated with 
cooking oils, is higher than for carpet. When ozone reacts with the fatty acids and 
triglycerides that comprise cooking oils, saturated and unsaturated aldehydes are 
produced and these are just those species targeted by this study. While carpets are 
probably coated with some biogenic triglycerides or fatty acids (2), they are probably also 
coated with other reactive compounds whose ozone reaction products were not targeted. 
For example, ozone reactions with skin oils produce ketones and di-carbonyls (19, 20); 
terpenoids from consumer products generate a wide variety of semi-volatile acids, di-
carbonyls, aerosols and other non-target compounds (9). 
The summed yields of all target aldehydes for four houses over the 1.5 year 
period ranged between 0.02 and 0.53 with an outlier at 0.89, the yield for H1 kitchen 
countertop in the summer of 2006. The range (0.02 to 0.53) is very close to the summed 
aldehyde yield range (0.07 to 0.51) obtained in the field experiments performed in a 
single season, summer 2005 (15), indicating that about 10 ~ 50% of  ozone consumed by 
indoor surfaces in these residences generates target aldehydes. These yields fall within 
the range (less than 0.1 to 0.74) reported by Morrison and Nazaroff (2) for carpets, but 
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cover a wider range than that observed (0.2 to 0.25) for surfaces in a simulated aircraft 
(19, 20). They were able to quantify a wider range of products, including di-carbonyls 
and acids, which may contribute to an unobserved fraction of yields for the low-yield 
surfaces. Furthermore, their chamber tests exposed a mixture of surfaces simultaneously, 
not individual surfaces; their narrower range of yields would be expected. (38). 
Cross-sectional Reaction Probabilities and Summed Yields. In our previous 
study (27) we observed that carpet surfaces in older homes were less reactive than in 
newer homes, but kitchen counters did not exhibit this aging.  In this research, we found 
that these observations persist.  Figure 4 shows the ozone reaction probabilities and 
summed aldehyde yields on the carpet surface (4A and B) and the kitchen countertop 
surface (4C and D) in 5 houses. Note that “carpet age” is used as the reference time for 
carpet results instead of “house age” since the carpet was replaced in H5. The carpet 
surface includes both living room carpet and bedroom carpet. For carpet surface, the 
reaction probability tends to decrease with the age of the carpet. All but one of the 
reaction probabilities for carpets less than 5 years of age is higher than for carpets 10 
years or older.  The summed yield for carpet is also somewhat lower for older homes. 
However, many of the yield results for newer homes are of the same magnitude as that 
for older homes. Thus, some high yields may represent outliers. Alternatively, the 
fraction of ozone consumed without generating observed aldehydes (e.g. homogeneous 
decomposition), may increase as biogenic oil precursors become depleted, resulting in 
lower aldehyde yields. Unlike carpet, the reaction probabilities (Figure 4C) and the 
summed yields (Figure 4D) on kitchen countertop did not exhibit any significant decline. 
These results are consistent with the hypothesis that secondary emissions from kitchen 
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countertop are influenced by occupant activities that replenish reactive surface coatings, 
and tend to remain stable over longer time periods.  
Indoor primary and secondary emissions of VOCs have distinct emission 
behaviors over a long period of time. Primary emissions of VOCs from dry materials tend 
to be diffusion limited (39), and decrease at predictable rates. Wilke et al. (25) showed 
that primary emissions of TVOC from freshly-made flooring installation materials (e.g. 
adhesive) and floor coverings (e.g. carpet) decreased quickly within 28-day investigation 
period. For most adhesives, primary TVOC emission rates decreased with percentages 
varying between 80% and 98% after being exposed to air at flow rate of 1.25 m3 h-1 for 
28 days. After 46 days of testing, secondary emissions of acetone, some aldehydes, and 
aliphatic acids were observed with increasing concentrations from some adhesives. These 
secondary pollutants persisted for over 130 days. Wilke’s study showed that primary 
emissions of VOCs diminish quickly and tend to be depleted in a year or so. Our study 
provides evidence that, unlike primary emissions, it probably takes several years to 
observe a significant decline in ozone uptake rates or secondary emissions. Given that 
ozone is always present indoors, secondary emissions will contribute to indoor pollutants 
as long as reactive substances coat surfaces. Based on the summer 2005 field experiment 
results, the steady-state concentration increment of nonanal due to secondary emissions 
from carpet alone in home H1 is estimated to exceed its odor threshold (27). Therefore, it 
may be prudent to control ozone-indoor surface chemistry.  
Implications. The relatively small number of homes studied makes it unwise to 
draw detailed conclusions about trends in secondary emissions. However, it is clear that 
surfaces remain reactive with ozone, and generate reaction products, even in older homes. 
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Unlike primary emissions, we cannot rely on short “airing out” periods to reduce 
secondary emission rates. Instead, secondary emissions will persist over decade-long 
periods due to large reservoirs of surface reactants that can be replenished by cooking and 
cleaning, and the relatively slow destruction rates of precursors by ozonolysis.  
The health implications of secondary emissions are unclear, but specific products, 
such as formaldehyde, have known adverse health effects and products emitting them are 
now regulated in California (40). At the very least, secondary emissions generate 
compounds that are known to be irritants, and may contribute to phenomena such as sick-
building syndrome. It is impractical to prevent surfaces from becoming soiled with 
cooking oils and human secretions. Instead, occupants gain in two ways if filtration or 
other means are used to reduce indoor ozone levels: reduced exposure to ozone and its 
byproducts. Importantly, devices that release substantial amounts of ozone (41) should 
not be used in occupied spaces. 
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TABLE 1. Characteristics of five homes and their surfaces. 
field homes parameter H1 H2 H3a H5 a H4 
age (y) 1 2 10 13 14 
volume (m3) 505 560 175 84 810 
carpet area (m2) 170 73b 53 22 228 
kitchen countertop 
area (m2) 2.6 3.3 1.8 1 4.9 
kitchen floor area 
(m2) 12.4 80.2 10.6 4.5 26.6 
wall area (m2)c 282 404 90 35 450 
2005 summer air 
exchange rate (h-1) 
R2 of tracer decay 
0.36/0.994 0.14/0.995 0.84/0.990  0.22/0.955 
2006 summer air 
exchange rate (h-1) 
R2 of tracer decay 
0.14/0.960 0.15/0.932  0.27/0.996 0.13/0.984 
2006 winter air 
exchange rate (h-1) 
R2 of tracer decay 
0.15/0.999 0.15/0.999  0.47/0.999 0.13/0.999 











bedroom carpet nylon cut pile carpet 
nylon cut  
pile carpet 






carpet pile height 
(cm) 1.0 1.2 0.9 0.7 1.0 
living room wall latex paint latex paint latex paint Latex paint latex paint 
kitchen floor ceramic tile ceramic tile vinyl linoleum hardwood floor 
kitchen countertop Resine laminate laminate laminate resin 
Kitchen rug  polypropylene rug    
dining room rug   polypropylene rug   
a one-story apartment b Home H2 carpet area includes the loose living room rug and 
any other carpeted surfaces. c The ceiling is not included in wall area. d Resin countertop 
(non-porous surface) is a solid surface material made from acrylic resin (PMMA) and 
mineral filler (aluminum tri-hydrate).  
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TABLE 2. Deposition velocities and reaction probabilities for all surfaces tested in 
summer 2005, summer 2006 and winter 2006. Living room wall results in 
summer 2005 were not included in the table.  
vd (m h-1) season surface H1 H2 H3a H4 H5b 
living room carpet 5.4 4.5 2.9 1.4  
kitchen floor 1.0 3.0 1.9 NA  
kitchen countertop 3.1 7.2 1.9 3.5  
summer 
of 2005 
living room wall 1.2 0.4 0.03 NA  
living room carpet 11.7 10.2  3.0 13.6 
bedroom carpet 9.9 7.2  2.5 5.0 




kitchen countertop 5.3 4.3  2.0 11.9 
living room carpet 8.6 10.5  2.2 7.4 
bedroom carpet 9.5 12.8  2.1 2.9 




kitchen countertop 3.1 5.2  4.5 8.5 
γ   H1 H2 H3a H4 H5b 
living room carpet 22 × 10-6 17 × 10-6 10 × 10-6 4.4 × 10-6  
kitchen floor 3.3 × 10-6 10 × 10-6 6.2 × 10-6 NA  
kitchen countertop 11 × 10-6 29 × 10-6 6.2 × 10-6 12 × 10-6  
summer 
of 2005 
living room wall 3.9 × 10-6 1.2 × 10-6 0.09 × 10-6 NA  
living room carpet 74 × 10-6 57 × 10-6  11 × 10-6 100 × 10-6 
bedroom carpet 54 × 10-6 32 × 10-6  8.6 × 10-6 20 × 10-6 




kitchen countertop 20 × 10-6 15 × 10-6  6.5 × 10-6 59× 10-6 
living room carpet 43 × 10-6 59× 10-6  7.4 × 10-6 34 × 10-6 
bedroom carpet 50 × 10-6 91 × 10-6  7.1 × 10-6 10 × 10-6 




kitchen countertop 11 × 10-6 19 × 10-6  16 × 10-6 37 × 10-6 
a H3 values only obtained during the summer of 2005; b H5 values only obtained during 








































































































FIGURE 1. Comparisons of ozone reaction probabilities in three seasons in H1, H2, H4 
and H5 (two seasons) on four surfaces: living room carpet, bedroom carpet, 
kitchen floor and countertop. Bedroom carpet reaction probabilities in the 
summer of 2005 were not available because the surface was not tested in 
this season. Lines that connect average values for each surface were inserted 
































FIGURE 2A. Comparison of total aldehyde yields in summer 2005 vs. summer 2006 for 
living room carpet, kitchen floor and countertop in H1, H2 and H4. H4 
kitchen floor data was not included due to measurement errors of the 
outlet ozone concentration. The solid line is a linear regression of all data 
except H1 kitchen countertop (0.39, 0.90). 
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FIGURE 2B. Comparison of total aldehyde yields in summer 2006 vs. winter 2006 for 
living room carpet, bedroom carpet, kitchen floor and countertop in H1, 
H2, H4 and H5. The yields of H1 kitchen countertop in summer 2006 and 
winter 2006 were not included in the figure to be consistent with Figure 
2A. The dashed line representing y = x was added in the figure to visually 























































 = 0.36 ± 0.12
 
FIGURE 3. Secondary yield ranges of C1─C10 aldehydes and 2-nonenal for living room 
carpet, bedroom carpet, kitchen floor and countertop in H1, H2, H4, and H5 
in three seasons. Category axis numbers correspond to the number of 
carbons in aliphatic aldehydes except for 2-nonenal, which is denoted 9*. 
Box-and-whisker plots show the average individual secondary aldehyde 
yields as a horizontal bar in the interior of each box, the 95% confidence 
intervals as boxes, the lower and upper limits as whiskers. The average 



















































































living room and bedroom carpet
kitchen countertop
A B
C D  
FIGURE 4. A, B. Reaction probabilities (A) and summed aldehyde yields (B) for carpet 
surfaces as a function of carpet age. “Carpet age” is used as the 
reference time instead of “house age” since the carpet was replaced 
in H5 in the year 2002. C, D. Reaction probabilities (C) and summed 
aldehyde yields (D) for kitchen countertop surfaces as a function of 
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A variety of consumer products tend to coat indoor surfaces during their use and, because 
of their composition, consume ozone and release volatile oxidized organic compounds. 
Laboratory experiments were conducted to quantify the ozone reaction probability, 
secondary emission rates (SERs) and yields of aldehydes from the interactions of ozone 
with three categories of consumer products: cooking oils, personal hygiene products, and 
cleaning agents. Upon being exposed to ozone for 3 h, ten products coating an inert 
surface generated secondary emissions of C1-C10 aldehydes except acetaldehyde and 
heptanal, with nonanal as the most prominent compound. The highest individual SER, 
992 µg m-2 h-1 of nonanal, was observed for an “oil soap”. Cooking oils emitted high 
SERs of aldehydes from all coatings: unused canola oil, frying residue, and spray canola 
oil. All personal hygiene products except soap exhibited low SERs. Unsaturated fatty 
acid esters, such as oleic, linoleic, and linolenic esters, common constituents in oils and 
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soaps, are likely responsible for high SERs of aldehydes. Average nonanal yields for 
products used in kitchen including soaps, counter cleaners, and oils, were similar to that 
for kitchen countertops tested in field homes. The reaction probabilties for most liquid 
soap, shampoo, hand lotion and counter cleaner were in the low range of approximately 
10-6; oil soap, furniture polish and cooking oils had higher reaction probabilities in the 
range of 10-5 to 10-4.  
Introduction 
Consumer use of cooking oils, cleaning agents, air fresheners, and personal hygiene 
products tend to leave ozone-reactive residues on indoor surfaces and on the users. These 
materials can contain unsaturated fatty acids and their esters, as well as terpenes and 
terpenoids as scenting agents or active solvents. Razumovskii et al. (1984) showed that 
ozone reactions with triglycerides, fatty acids and related compounds tend to generate 
aldehydes and carboxylic acids. Morrison and Nazaroff suggested that biogenic oils 
coated on carpets during manufacturing process were responsible for secondary 
emissions of aldehydes from carpets (Morrison and Nazaroff, 2002). These unsaturated 
compounds react rapidly with ozone (Weschler, 2000), to generate potentially harmful 
secondary pollutants (Cogliano et al., 2005; Weschler, 2006). Ozone reactions with 
terpenoids produce formaldehyde (Fan et al., 2003; Destaillats et al., 2006), acetone 
(Atkinson and Arey, 2003), glycolaldehyde (Destaillats et al., 2006), formic acid 
(Destaillats et al., 2006; Atkinson and Arey, 2003), hydrogen peroxide (Li et al., 2002), 
hydroxyl radicals (Weschler and Shields, 1997b), and secondary organic aerosols (Li et 
al., 2002; Weschler and Shields, 1997b; Wainman et al., 2000; Weschler and Shields, 
1999). The products of ozone/terpene reactions have also been observed to cause upper 
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airway and eye irritation (Weschler, 2006; Wolkoff et al., 1998; Wolkoff et al., 2000; 
Kleno et al., 2004).  
Wang and Morrison (2006) reported that, in field homes, secondary pollutants are 
likely generated by reactions between ozone and the low-volatility compounds that coat 
surfaces from activities such as cooking and cleaning. Various surfaces (e.g. carpet or 
kitchen countertop) contribute in very different ways to secondary emissions indoors. 
Secondary emissions from carpets diminish as ozone depletes manufacturing oils 
originally present on newly installed carpets. However, surfaces such as countertops are 
repeatedly coated with reactive consumer products.  Over time, countertops and other 
frequently coated or cleaned surfaces may become the dominant contributor of secondary 
aldehydes to indoor air.  
While there have been several studies of ozone reactions with cleaners containing 
volatile and semi-volatile terpenoid compounds (Singer et al., 2006), little is known about 
secondary emissions from the products that contain other unsaturated constituents (e.g 
unsaturated fatty acid esters) and that are likely to remain on surfaces indefinitely, or 
until removed intentionally by cleaning. The goal of this research is to quantify ozone 
uptake rates and secondary emission rates (SERs) from consumer products that coat 
indoor surfaces during normal use. Two key parameters come from these measurements: 
the ozone reaction probability and the secondary aldehyde yield. These parameters are 
system independent and can be used to extrapolate ozone uptake rates and secondary 
emission rates to systems under a variety of mass-transfer conditions and differing ozone 
concentrations. These parameters are quantified by measuring ozone consumption rates 
and aldehyde emission rates from coatings exposed to ozone in a laboratory reactor. 
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Materials and methods 
Consumer products 
We selected three categories of products in this study: cooking oils; personal hygiene 
products; and cleaning agents. These products were selected using the following criteria. 
(1) likely to contain unsaturated fatty acid esters such as cooking oils and soap. (2) 
widely used personal hygiene products, such as shampoo and lotion. (3) cleaning agents 
that are used over large surface areas such as wood furniture or floor cleaner and kitchen 
countertop cleaner. The most popular brands of products were identified by consulting 
the purchasing manager of a large grocery and sundries retailer. Information on the 
selected products is shown in Table 1.  
Coating methods 
An inert polycarbonate sheet, which was shown to be unreactive with ozone by 
laboratory experiments, was used as the substrate and coated with various consumer 
products individually. The polycarbonate sheet was cut into a 23 cm-diameter circle to fit 
into a stainless steel reaction chamber. Prior to coating, the polycarbonate sheet was 
cleaned with methanol and rinsed with distilled water. A 1 cm-wide teflon circular ring 
was used to cover the edge of the sheet during coating, to ensure that the coating area was 
consistent. By coating within the ring, we also prevented the substrate from 
contaminating the chamber surfaces during installation.  
The following coating methods were followed to mimic coating on a counter or 
floor, typically by applying a small amount and wiping it uniformly across the surface. 
For example, lotion might be transferred to a surface by a person’s hand, then wiped with 
a towel or tissue.  
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(1) Bar soap. A bar of bath soap was rubbed with tap water-wetted cellulosic lab 
tissues. Then the tissue was used to spread soap uniformly within the teflon ring on the 
polycarbonate surface. For one experiment, the soap-coated surface was tested directly. 
In another experiment, the soap-coated surface was evaluated after being rinsed with 
tap water and then wiped with the clean tissues. 
(2) Liquid soap, body wash, and shampoo. The products were dispensed onto the 
surface and wiped uniformly within the ring on the surface with the tap water-wetted 
tissues. 
(3) Hand lotion, oil soap (wood furniture cleaner), and unused canola oil. The 
products were dispensed on the polycarbonate surface, and then wiped uniformly 
within the teflon ring on the surface with tissues.  
(4) Counter cleaner and furniture polish. The products were sprayed directly within 
the teflon ring on the surface and wiped uniformly with tissues. 
(5) Spray canola oil. The canola oil was sprayed on a piece of paper held 
perpendicular to the polycarbonate surface (as a consumer might spray a pan before 
cooking), allowing excess spray droplets to settle naturally on the surface. 
(6)  Frying residue. Canola oil was studied to investigate how cooking and dispersal 
on nearby surfaces may influence ozone uptake and secondary emissions. The 
polycarbonate substrate along with five microscope slides were placed 5 cm away from 
a frying pan where 5 g of canola oil was used to fry a small fish for 5 minutes. In the 
process of cooking, condensed droplets of canola oil, and probably also oils and other 
materials from the fish, deposited on the surface. Five microscope slides were used to 
determine surface coating coverage area.  
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Surface coating coverage area analysis  
The polycarbonate surface was coated with products in two ways: uniform coating and 
non-uniform coating. For uniform coating, such as soap, the coating coverage area was 
the 346 cm2 area within the teflon ring. For non-uniform coating, such as the coatings of 
spray oil or oil from frying, the coating coverage area was the total area covered with 
deposited oil droplets. The non-uniform coating areas were indirectly measured by 
imaging the surface coverage with a camera (MD 130 electronic eyepiece) attached to a 
microscope. To determine the coating coverage on the polycarbonate substrate, five 
microscope slides were placed next to the substrate during coating. From the microscope 
images, we measured the total area of oil droplets on each slide within a defined area on 
each slide. The average coating coverage areas for spray oil and frying residue were  
46.0 ± 1.4 and 4.7 ± 2.1 cm2,  respectively. We used Bright-Line counting chambers and 
the microscope to determine the average diameters of spray oil droplets and frying 
residue oil droplets, which are 0.19 ± 0.05 mm and 0.03 ± 0.007 mm, respectively.  
Secondary emission rate experiments 
Secondary emissions of aldehydes formed by reactions between ozone and consumer 
products were measured using the apparatus shown in Figure 1. The experiments were 
conducted using a 10-L electropolished stainless steel chamber with an inner diameter of 
24 cm.  The chamber is sealed with a platinum cured silicone gasket and a lid attached to 
the chamber body with three spring clips. The lid was equipped with 0.32 cm (1/8 inch) 
and 0.63 (1/4 inch) stainless steel fittings (Swagelock®) for inflow and outflow, 
respectively. The circular polycarbonate sheet was placed on the bottom of the chamber 
with the coating side up. The system consisted of an ozone generator, humidifier, 
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emission chamber, sampling system, and an ultraviolet photometric ozone analyzer 
(Teledyne model 400A). The relative humidity and inlet ozone mixing ratios were 
controlled at 50±5% and ~150 ppb, respectively, by adjusting flowrate passing through 
three air streams in the system. Reaction products were collected from an outlet port. A 
mass flow meter was used at the exhaust stream pre-experiment to examine if there was 
any leak in the system.  
High molecular weight aldehydes (C5-C10) were collected on sorbent tubes 
containing Tenax-TA. Sample flow rate was 0.1 L min-1. Sample volume was 2.0 L. 
Light molecular weight aldehydes (C1-C4) were captured using cartridges (Supleco) filled 
with silica gel coated with dinitrophenylhydrazine (DNPH) that also incorporated an 
ozone trap. Sample flow rate was 0.5 L min-1. Typical sample volume was 30 L.  
Laboratory experiments were conducted to show that SERs reach steady state 
conditions 1.5 hours after initiating ozone exposure in the chamber (16). Therefore, to be 
certain of steady-state conditions in the experiments, we exposed the surface to ozone for 
3 hours before collecting aldehyde samples. Aldehyde emissions were measured before 
and during exposure to ozone. The surface was ventilated with ozone-free air beginning 
at time t = 0. From t = 0.5 h, an air sample was collected using a DNPH tube at the 
exhaust for 1 h. Centered at t = 1 h, two Tenax tubes were attached to the exhaust stream 
to collect samples for 20 min. These samples represent the emissions from surface absent 
ozone. Starting at t = 1.5 h, ozone was introduced into the chamber at a mixing ratio of 
approximately 150 ppb. After the surface was exposed to ozone for 2.5 h, a DNPH 
sample was collected for 1 h. Then Tenax samples were collected centered at t = 3 h. 
These samples were used to determine secondary aldehyde emission rates. A final sample 
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was obtained at the chamber inlet as a system blank. The sampling air flow rate was 
continuously monitored with a mass flow meter.  
Chemical analysis 
Analytes collected on Tenax-TA sample tubes are analyzed using an auto sampler 
thermal desorption system attached to a gas chromatograph with a flame-ionization 
detector (TD/GCFID). Tenax tubes were desorbed on TD and the TD cold-trap delivered 
the analytes to HP-5 5% phenylmethylsiloxane column in the GCFID. The GC was 
operated in split-less and constant pressure modes. Light weight aldehydes were analyzed 
using a high-performance liquid chromatograph (HPLC) with a photodiode array 
detector. DNPH samples were prepared and analyzed based on EPA method TO-11A 
(U.S. Environmental Protection Agency, 1999). Details of the TD/GCFID and HPLC 
analysis methods were described in Wang and Morrison (2006). 
Measurement of the transport limited deposition velocity and reaction probability 
The surface reaction probability, γ, is defined as the rate that ozone is irreversibly 
consumed by a surface divided by the rate of ozone-surface collisions. The reaction 
probability is a system-independent parameter that allows for comparison of results from 
different experimental systems, and can be used to predict ozone flux to surfaces in a 













vγ                                                                                                    (1) 
where vd is the deposition velocity for the specific surface, vt the transport limited 
deposition velocity for the same surface, v  is the Boltzmann velocity for the pollutant, 
which for ozone is 3.62 × 104 cm s-1 at 296 K (Cano-Ruiz et al., 1993). In secondary 
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emission experiments, inlet and outlet ozone concentrations were measured to determine 
the deposition velocity for that coated surface. The transport limited deposition velocity, 
vt, is obtained by measuring the deposition velocity on surfaces coated with potassium 
iodide (KI), considered to have minimal resistance to ozone uptake (Parmar and 
Grosjean, 1990). We used KI coated filter paper to simulate the coated polycarbonate 
sheet (Cano-Ruiz et al., 1993). The transported limited deposition velocity was measured 
by conducting experiments on the KI-coated filter paper under conditions otherwise 
identical to those used to measure vd. 
Results 
Secondary emission rates 
Most products generated secondary carbonyl compounds in the presence of ozone. SERs 
are reported in terms of the analyte mass emission rate per area (µg m-2 h-1). SERs were 
calculated in two ways: SER1s are normalized by the area within the mask (346 cm2), 
SER2s are normalized by the actual cross-sectional area of non-uniform coatings (46 cm2 
for spray canola oil and 4.7 cm2 for frying residue). SERs were obtained by subtracting 
the primary emission rates of unexposed coatings from the emission rates after 3-h of 
ozone exposure.  We did not observe significant primary emissions of target analytes 
from any coatings. Figure 2 shows the ozone-induced SERs for C1-C10 aldehydes except 
acetaldehyde and heptanal which were not observed in these experiments.  The first two 
rows are the SER1s from personal hygiene products. The third and fourth rows are the 
SER1s of cleaning agents and cooking oils, respectively. The fifth row shows SER2s, 
denoted as frying residue* and spray canola oil* in Figure 2. Uncertainty bars represent 
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error propagation of the standard error of the calibrations and replicate experiments for 
each coating.  
Ozone interactions with consumer products result in increased emissions of 
formaldehyde, C3-C6 and C8-C10 saturated aldehydes. SER1s of individual aldehydes 
ranged from less than the method detection limits, for all aldehydes emitted from liquid 
soap, to 992 µg m-2 h-1 for nonanal emitted from oil soap. Nonanal and hexanal were the 
first and second highest emitters. All tested personal hygiene products, except soap, 
emitted lower SERs than cleaners and cooking oils. Bar soap induced SER1s of C5-C10 
aldehydes, especially nonanal with an SER1 of 370 µg m-2 h-1. Rinsing reduced SER1s 
substantially; the only aldehyde we observed was nonanal, with an SER1 of 13  
µg m-2 h-1. High SER1s were observed from cleaning agents containing fats, oil soap and 
furniture polish. Oil soap emitted the highest SER1s of hexanal (582 µg m-2 h-1) and 
nonanal (992 µg m-2 h-1) among all products. Cooking oils generated high SERs in 
increasing order for propanal, hexanal and nonanal. In terms of SER2s (mass rate per 
coating coverage area), frying residue exhibited the highest SERs of propanal, hexanal 
and nonanal compared with other coatings. Due to the small area covered by droplets and 
the high reactivity with ozone, the SER2s from frying residue for propanal, hexanal, and 
nonanal were 500, 3900, and 4400 µg m-2 h-1, respectively.  
Yields 
Figure 3 shows yields for all coatings. The nonanal yield ranged from 0 for body wash 
and shampoo to 0.32 for oil soap. For products used mostly in kitchens, including soaps, 
counter cleaners, and oils, the average nonanal yield was 0.22, indicating that 22% of 
ozone consumed at the surface produced nonanal.  This value is similar to the average 
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nonanal yield of 0.24 for kitchen countertops evaluated in five houses (2006). This 
correspondence supports the hypothesis that nonanal emitted from the kitchen 
countertops is a result of the reactions between ozone and soaps, counter cleaners, and 
oils. The summed aldehyde yield ranged from 0 to 0.60, which is comparable to the yield 
range (0.02 to 0.53) observed for five indoor surfaces in field homes (Wang and 
Morrison, in preparation). However, the summed aldehyde yield in this study had a wider 
range than the overall yield for the identified products observed in simulated aircraft 
during 4-hour flights (0.25 to 0.30) (Weschler et al., 2007) and chamber measurements of 
materials in aircraft (0.07 to 0.24) (Coleman et al., in review). The narrower product 
yields observed in the aircraft experiments were derived, in large part, from reactions of 
ozone and skin oils coating passengers, their clothing, and other cabin materials. The 
wider yield range in our study is due to the wide varieties of “pure” products tested in this 
research, including some products not likely to be encountered in aircraft. In our study, 
personal hygiene products generated aldehydes with low summed yields (0 to 0.22), 
whereas, cleaning agents generated aldehydes with higher summed yields (0.26 to 0.60).  
Reaction probabilities 
The reaction probability, also known as the uptake coefficient, acts as an indicator of the 
surface reactivity. The reaction probabilities with uncertainties for each product are 
shown in Figure 4. Uncertainties were derived from error propagation analysis of Eq 1 
and duplicate experiments for each product. Surfaces coated with all consumer products 
had a wide range of reaction probabilities, spanning over an order of magnitude from  
2.0 × 10-6 to 9.7 × 10-5. The reaction probabilities observed in this study fall within the 
range of 1.9 × 10-6 to 1 × 10-4 for five indoor surfaces, living room carpet, bedroom 
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carpet, living room wall, kitchen floor, and kitchen countertop, in five homes measured in 
three seasons (Wang and Morrison, in preparation). The soaps, cleaning agents, and some 
cooking oils had reaction probabilities of approximately 10-5, the same order of 
magnitude as those of kitchen countertops reported by Wang and Morrison (in 
preparation). Thus, these agents may be responsible for ozone uptake at these surfaces. 
All personal hygiene products except soap exhibited low reaction probabilities, of the 
order of 10-6. The low reaction probabilities of personal hygiene products, mostly used in 
bathrooms, could be related to the fact that bathroom counter surface exhibited very low 
reactivity with ozone in field homes. Wang and Morrison (2006) studied a bathroom 
counter and observed, but did not report in that paper, that the SERs of all targeted 
aldehydes from the bathroom counters were less than the method detection limits. 
Unused canola oil had the highest reaction probability among all products.  The reaction 
probability for unused canola oil (9.7 × 10-5) is lower than the reaction probability for 
liquid oleic acid and linoleic acid, which are (8.3 ± 0.2) × 10-4 and (1.2 ± 0.2) × 10-3 , 
respectively (Moise and Rudich, 2002). Although fatty acid compositions in canola oil 
can vary among different manufacturers, roughly 10% will consist of saturated, 
unreactive, species such as the stearic acid/ester (Formo, 1979). As a result, the reaction 
probability of canola oil is expected to be somewhat lower than that for pure oleic or 
linoleic acid.  
Discussion 
Secondary emission rates and yields 
Table 2 shows the anticipated fatty acid content of canola oil and animal fats.  As listed in 
the table, canola oil consists predominantly of 18-carbon, unsaturated, fatty acid esters 
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such as oleic, linoleic, and linolenic esters (triglycerides) and erucic acid esters, 22-
carbon unsaturated fatty acid esters. Figure 5 shows chemical structures of oleic, linoleic, 
and linolenic acids. Ozone will attack the double-bonds in these esters, forming 
aldehydes and carboxylic acids at the point of attack. Nonanal is anticipated to form 
when ozone attacks the ninth carbon of oleic esters (Moise and Rudich, 2002). Similarly, 
hexanal and 3-nonenal are anticipated to be produced from the ozonation of linoleic ester, 
propanal, 3-hexenal, and 3, 6-nonadienal are anticipated from the ozonation of linolenic 
ester. The reaction of ozone and the erucic ester also generate nonanal. However, instead 
of 3-nonenal, Moise and Rudich (2002) detected 2-nonenal and 4-nonenal from ozone 
reaction with linoleic acid. The conjugation between the carbon-carbon double bond and 
the carbon-oxygen double bond may add stability to the molecule, allowing for the 
migration of the unsaturated bond from the C3 position to either the C2 or C4 position, 
resulting in 2-nonenal and 4-nonenal (Moise and Rudich, 2002) upon decomposition of 
the ozonide. Unlike Moise and Rudich, we did not observe 2-nonenal in our experiments. 
High SERs of nonanal from canola oil corresponds to the high percentage of oleic and 
erucic esters composed in canola oil. Relatively high SERs of propanal and hexanal also 
show evidence of ozone reactions with unsaturated fatty acid esters (linoleic and linolenic 
esters). 
For the non-uniform coating of spray oil or oil from frying, secondary emission 
rates were calculated as both SER1s, the mass rate normalized by the area within the 
mask, and SER2s, the mass rate normalized by the actual cross-sectional area of non-
uniform coatings. The SER2s are much higher than SER1s because they are normalized 
by a much smaller cross-sectional area. For example, the SER1 of nonanal for spray 
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canola oil was 132 µg m-2 h-1, the SER2 was 990 µg m-2 h-1. The higher SER2s are a 
result of higher ozone uptake rates per unit area of the droplet. For the surface entirely 
coated with oil, a relatively smooth concentration boundary layer exists over the oil in 
which the ozone concentration varies from near 0 at the oil surface to 90% of the free-
stream ozone concentration, which is chamber outlet ozone concentration in this case 
(Cano-Ruiz et al., 1993). For droplets, a more complicated boundary layer is anticipated, 
approximating overlapping hemispherical concentration boundary layers over each 
droplet. For each hemisphere, the boundary layer thickness is less than for the completely 
covered surface and the droplet-area-averaged flux is therefore higher. This effect 
appears to be even more pronounced with the frying residue, where the droplet-area-
normalized emission rate of nonanal is 4400 µg m-2 h-1. However, for practical 
considerations, the SER1 is the more important value.  
For products composed of the same proportion of fatty acid esters, we would 
anticipate the same secondary emission patterns. Furthermore, the ratio of individual 
aldehyde yields should be consistent with the proportion of fatty acid esters compositions 
in products. Morrison and Howard (proceedings of the Air and Waste Manage. Assoc. 
94th Annual Conference) performed laboratory chamber experiments to investigate 
interactions of ozone with a surface coated with linseed oil. They showed that the mass 
emission fraction of 3,6-nonadienal, 3-nonenal, and nonanal obtained in experiments 
were nearly identical to the predicted emission fractions based on the proportion of 
linolenic, linoleic, and oleic acid comprising linseed oil. In this research, we observed 
different yield patterns among unused, frying residue, and spray canola oil. The yields of 
propanal, hexanal, and nonanal from spray canola oil had a ratio of 16%, 17%, and 67%, 
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respectively, in the total aldehyde yield, which are close to the proportions of linolenic, 
linoleic, oleic and erucic esters in canola oils. Unused canola oil emitted much less 
hexanal and propanal than expected but vegetable oil compositions can vary widely 
(Gunstone, 2004). For frying residue, hexanal accounted for 50% of the total molar SER. 
Fish is high in omega-3 fatty acids, which is primarily composed of α-linolenic acid 
(Gunstone, 2004). Exposure to ozone, α-linolenic acid is expected to generate 3, 6-
nonadienal, 3-hexenal, and propanal. In the process of cooking, double bonds in canola or 
fish oils might have shifted and resulted in high yields of hexanal.  
 In the presence of ozone, oil soap and furniture polish exhibited high emissions 
of hexanal and nonanal, especially nonanal, indicating that the main constituents in those 
products are fatty acid esters, which are similar to those in the canola oil. In this study, oil 
soap was applied in a concentrated form and may release significantly fewer aldehydes 
when used as directed by the manufacturer (diluted by 32). However, the manufacturer 
explicitly states that rinsing is not necessary, which will inevitably leave a reactive 
residual on the treated surface. Counter cleaner contains “surfactants”, commonly 
detergents based on biogenic fats, which are likely to contain oleic or similar, nonanal 
generating species.  Most personal hygiene products, containing small amount of 
unsaturated fatty acids, emitted no observable propanal or hexanal and only a small 
amount of nonanal.  
We observed a wider variety of aldehydes from soap than from canola oil, 
including pentanal, hexanal, octanal, nonanal, and decanal, although nonanal still 
dominates. Soaps are usually made by rendering animal tallow with a strong alkali to 
produce saturated acetate salts, such as stearic acetate, as well as unsaturated acetates. 
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The secondary emission pattern does not match that of animal tallow, and may be the 
result of shifts in double bonds during processing with a strong base. Taking oleic acid as 
an example, shifting the double-bond one position, either away from or towards the acid 
functionality, would result in either octanal or decanal upon oxidation. Two shifts results 
in heptanal or undecanal and so forth. The significant secondary emission rates of 
pentanal, octanal and decanal, in addition to hexanal and nonanal, suggest this may be the 
case. The SERs of nonanal from soap rinsed with tap water (hard) were an order of 
magnitude lower than those of soap without rinsing. While rinsing reduces emissions, 
rinsing soaps with hard water may leave a residue of unsaturated soap precipitate that can 
act as a source of oxidized products, thus, nonanal still emits from substrate even after 
rinsing.  
Wang and Morrison (in preparation) found that the reaction probabilities and the 
summed aldehyde yields on kitchen countertop in field homes remained consistent over 
1.5 years, indicating that the reactivity of countertop surfaces remained relatively 
unchanged over time. They suggested that the kitchen countertop surface is replenished 
with reactive coatings by occupant activities, such as cooking and cleaning. Our 
observations support the hypothesis that countertop surfaces are regenerated by daily use 
of consumer products, resulting in stable secondary emissions over long time periods.  
Implications 
Our experimental results demonstrate that a variety of consumer products increase ozone 
reactivity of surfaces they coat, resulting in secondary emissions of aldehydes. Cleaning 
agents such as oil soap and furniture polish are used to promote hygiene, aesthetics and 
material preservation.  However, cleaning, cooking and other activities will be 
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accompanied by irritating, odorous, or even carcinogenic (e.g. formaldehyde) pollutants. 
Strikingly, these products are mostly “natural”, being composed of vegetable and animal 
fats. So-called “green” products, formulated with natural materials, are also likely to 
introduce unsaturated compounds (fats and terpenoids) that will generate undesirable 
oxidized products. As long as these products are used indoors, the volatile organic 
compounds generated from ozone-initiated surface chemistry will persist. Yet it is 
impractical to remove many of these kinds of products from indoor environments. 
Indeed, our skin oils are also responsible for much reactivity in some settings (Weschler 
et al., 2007; Coleman et al., in review). Instead, reducing indoor levels of ozone may be 
far more practical and bring the further benefit of reduced exposure to ozone itself. 
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Table 1. Summary information for ten products. 
product brand compositiona package 
canola oil Great value triglycerides capped bottle 
canola oil Great value triglycerides (canola oil),  soylecithin, water, propellant trigger spray 
liquid soap Equate water, sodium laureth sulfate,  sodium lauryl sulfate, fragrance pump dispenser 
bar soap Irish spring 
soap (sodium tallowate, sodium  
cocoate, and /or sodium palm kernelate), 
 water, hydrogenated tallow acid,  
fragrance 
bar 
body wash Equate water, sodium laureth sulfate,  cocamidopropyl betaine, fragrance, Pump dispenser 
shampoo Suare 
water, ammonium lauryl sulfate,  
ammonium chloride, cocamide MEA,  
fragrance 
capped bottle 
hand lotion Vaseline water, glycerin, stearic acid, mineral oil,  glycol stearate, orange oil, lavender oil pump dispenser 
counter cleaner Great value water, sodium hypochlorite,  and surfactant trigger spray 
wood floor  
cleaner(oil soap) Murphy 
triglycerides, fatty acids  
and terpenoids capped bottle 
furniture polish Pledge fatty acids and terpenoids trigger spray 
a Major compositions of consumer products as reported by manufacturer or inferred 
from other sources. Components likely to react with ozone are shown in bold. 
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Table 2. Chemical composition of canola oil and soap.  
Fat type Fatty acid composition 25 Notes 
Canola oil (rapeseed oil) 
(cooking oil and spray 
cooking oil) 
Palmitic                      2.3% 
Stearic             2.3% 
Acachidic            1.1% 
Behenic            1.2% 
Lignoceric            0.7% 
Hexadecenoic            1.6% 
Oleic            15.0% 
Eicosenoic            6.2% 
Erucic           46.5% 
Linoleic          13.8% 
Docosadienoic           1.0% 
Linolenic            8.5% 
Average fatty acid 
percentages for rapeseeds 
from various countries. 
Animal fat or tallow 
(soap and detergent) 
Lauric             0.2% 
Myristic            4.4% 
Palmitic           29.8%
Stearic            22.5%
Arachidic             1.0%
Tetradecenoic             0.4%
Hexadecenoic             1.7%
Oleic            39.8%
Octadecadienoic         1.8% 
C20-C22 unsaturated 0.4%
Average fatty acid 

































































































































































Fig. 2 Secondary aldehyde emission rates for each product coating. Category axis 
numbers correspond to the number of carbons in aliphatic aldehydes. The asterisk 
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The primary results of this work are presented in three manuscripts for publication 
in peer-reviewed journals. Conclusions from this work have been reported in each paper, 
respectively, and are reported here as they relate to the objectives. 
Objective 1: Quantify ozone deposition velocities, secondary emission rates and 
product yields from interactions between ozone and a variety of in-use residential 
surfaces. These results are reported in paper I and include the following: 
1. In the summer of 2005, for four surfaces, living room carpet, living room 
wall, kitchen floor, and kitchen countertop, ozone interactions with indoor 
surfaces resulted in increased emissions of C1 and C3-C10 saturated 
aldehdes, and unsaturated aldehyde 2-nonenal. Nonanal was the most 
prominent secondary aldehyde emitted from any surface.  
2. Vegetable-based oils which contain unsaturated fatty acid esters such as 
esters of linolenic, linoleic, and oleic acids, are responsible for the 
secondary emissions of nonanal and hexanal from carpets or other indoor 
surfaces.  
3. Ozone deposition velocity on carpet tended to decrease from the newest 
home (1 year old) to the oldest home (14 years old). With time, the older 
carpet surfaces appeared to have become depleted of reactive oils. This 
phenomenon was due to ozone aging of carpet. 
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4. Kitchen countertop was unlike living room carpet; the SERs of nonanal 
from countertops in new homes were of the same order of magnitude as 
that in older homes. This phenomenon was due to surface regeneration. 
Daily use of consumer products, including oils and cleaners, regenerate 
the surface, continuously supplying unsaturated fatty acids or 
triglycerides.  
5. In terms of SERs per unit of outlet ozone concentration, kitchen 
countertops were much stronger emitter than carpets in older homes. 
However, if we considered the influence of actual area of these surfaces 
on total emissions, carpet remained the dominant contributor of secondary 
in new and old homes.  
Objective 2: Quantify the temporal behavior of ozone uptake rates, secondary 
emission rates and yields in field homes over a 1.5 year interval. These results are 
reported in Paper II and include the following: 
1. Reaction probabilities were measured in summer 2005, summer 2006, and 
winter 2006 over 1.5 years. Except the house where occupant number 
increased in the winter of 2006, in all other homes, reaction probabilities 
for all surfaces decreased significantly from summer 2006 to winter 2006. 
The decrease may be related to observations that ozone deposition velocity 
tends to increase with increasing relative humidity. The decrease in the 




2. Over the whole 1.5 year period, and for the summer 2005 to summer 2006 
period, there were no significant changes or significant trends of reaction 
probabilties. 
3. Secondary aldehyde yields of summer 2005 were consistent with those of 
summer 2006. Most surfaces exhibited higher yields in summer 2006 than 
in winter 2006. However, there was no relationship between total yields 
between summer 2006 and winter 2006. 
4. The strong consistency in total yields from summer 2005 to summer 2006 
suggested that the surface coverage of aldehyde generating precursors 
remained fairly unchanged over that period. The decrease in the total 
yields from summer to winter might be a change in some seasonal feature 
common to all surfaces, such as relative humidity that makes the aldehyde 
production less favorable.  
5. For all surfaces, nonanal was the most prominent secondary aldehyde 
emitted from any surface. Formaldehyde and hexanal were also produced 
with relatively high yields compared with other aldehydes. The secondary 
nonanal (and total) yields increased in the following order: bedroom 
carpet; living room carpet; kitchen floor; and kitchen countertop. 
6. For carpet surface, the reaction probability tends to decrease with the age 
of the carpet. Many of the yields form carpet for newer homes are of the 
same magnitude as that for older homes. The reaction probabilities and the 




7. Unlike primary emissions, it probably takes several years to observe a 
significant decline in ozone uptake rates or secondary emissions. Given 
that ozone is always present indoors during the daytime, secondary 
emissions will contribute to indoor pollutants as long as reactive 
substances coat surfaces.  
Objective 3: Quantify ozone uptake rates, secondary emission rates, and product 
yields from consumer products that coat indoor surfaces during normal use, and compare 
these results with those obtained from field studies. These results are reported in Paper III 
and include the following: 
1. Ozone interactions with consumer products result in increased emissions 
of formaldehyde, C3-C6 and C8-C10 saturated aldehydes. Among ten tested 
consumer products, high SERs were observed from cleaning agents 
containing fats, oil soaps, furniture polishes, and cooking oils. Cooking 
oils exposed to ozone generated high emissions of aldehydes in an 
increasing order of propanal, hexanal and nonanal. All tested personal 
hygiene products, except soap, emitted lower SERs than cleaners and 
cooking oils. Bar soap induced SERs of C5-C10 aldehydes, especially 
nonanal. Rinsing reduced SERs substantially; the only aldehyde we only 
observed was nonanal. 
2. Small oil droplets coated on surfaces by spary canola oil and frying 
residue may enhance ozone uptake rates per unit area and therefore 
produce high secondary emission rates of aldehydes on the non-uniform 
oil droplet coatings.  
  
97
3. Surfaces coated with all consumer products had a wide range of reaction 
probabilities, spanning an order of magnitude from 2.0 × 10-6 to 9.7 × 10-5. 
The reaction probabilities observed in this study fell within the range of 
1.9 × 10-6 to 1 × 10-4 for five indoor surfaces, living room carpet, bedroom 
carpet, living room wall, kitchen floor, and kitchen countertop, in five 
homes measured in three seasons. Unused canola oil had the highest 
reaction probability among all products. The soaps, cleaning agents, and 
some cooking oils had reaction probabilities of approximately 10-5, the 
same order of magnitude as those of kitchen countertops observed in field 
studies. All personal hygiene products except soap exhibited low reaction 
probabilities, of the order of 10-6, which could be related to the fact that 
bathroom counter surface exhibited very low reactivity with ozone in field 
homes. 
4. High SERs of nonanal from canola oil, either uncooked or cooked, 
corresponds to the high percentage of oleic and erucic esters composed in 
canola oil. Relatively high SERs of propanal and hexanal also showed 
evidence of ozone reactions with unsaturated fatty acid esters (linoleic and 
linolenic esters). 
5. The yield ratios of propanal, hexanal, and nonanal from spray canola oil 
are close to the proportions of linolenic, linoleic, oleic and erucic esters in 
canola oils. Unused canola oil emitted much less hexanal and propanal 
than expected but vegetable oil compositions can vary widely. The yield 
ratios of aldehydes from frying residue are different from uncooked oil 
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due to transformations during cooking process.  The secondary emission 
pattern of soap does not match that of animal tallow, and may be the result 





5. SIGNIFICANCE AND IMPACTS 
Most research on ozone chemistry of indoor surfaces has focused on laboratory 
experiments, quantifying ozone flux and secondary emissions rates under precisely 
controlled laboratory conditions. There are few studies investigating ozone chemistry in 
field settings and none of those have evaluated in-use surfaces in residences. By 
conducting field experiments in residences, this research assessed the extent to which 
specific residential surfaces consume ozone and generate oxidized byproducts. This 
research provides valuable parameters, reaction probabilities and product yields, which 
can be used in indoor air-pollution models to assess the impact of surfaces on indoor air 
quality. Ozone reaction probabilities observed for real surfaces demonstrate that many 
surfaces are resposile for lowering human exposure to indoor ozone. Further, a wide 
variety of consumer products can enhance ozone uptake to surfaces, further lowering 
indoor ozone concentrations. 
In laboratory experiments, the secondary emission rates from surfaces tend to 
decrease with ozone exposure, which is known as “surface aging”. This research 
demonstrates that residential surfaces maintain their reactivity and generate reaction 
products for at least 1.5 years, but probably much longer. Unlike primary emissions, we 
cannot rely on short “airing out” periods to reduce secondary emission rates. Indoor 
occupants are nearly continuously exposed to low-levels of ozonation products due to 
large reservoirs of surface reactants that can be replenished by cooking and cleaning, and 
the relative slow destruction rates of precursors by ozonolysis.  
My laboratory work is the first to quantify ozone reaction probabilities and 
product yields from low-volatility consumer products that tend to coat surfaces with 
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unsaturated fatty acid esters. In combination with the field work, my laboratory research 
suggests that cleaners, oils and other products are responsible for secondary emissions 
from indoor surfaces in residences. Further, incorporation of so-called “green products” 
in to homes will likely introduce unsaturated compounds (fats and terpenoids) that will 
generate undesirable oxidized products.  
While indoor environments are effectively unregulated spaces, recent 
developments in California shed light on the importance of this research. On September 
27, 2007, the California Air Resources Board voted to ban “ozone generators” sold as air 
cleaners. As partial motivation, they noted that introducing ozone increases levels of 
secondary products such as formaldehyde. This research clearly demonstrates that 
surfaces in most residences will emit secondary products, and that introducing these 
devices will worsen, rather than improve, indoor air quality. 
The health implications of secondary emissions are unclear, but specific products, 
such as formaldehyde, are carcinogens. At the very least, secondary emissions generate 
compounds that are known to be irritating, and may contribute to sick-building syndrome. 
This research provides guidance to manufacturers who may wish to reformulate their 
products to decrease their reactive constituents. Architects and contractors may choose to 
install hard flooring rather than carpet, and consumers may choose to carefully clean and 
rinse surfaces in kitchens. On the whole, however, it is impractical to remove many of 
these consumer products from indoor environments. Thus, this research supports the 
possibility that installing ozone control systems will have benefits beyond ozone control.  
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6. FUTURE RESEARCH 
In field work, five surfaces in total five homes were evaluated in three seasons for 
1.5 years. These homes are located in Rolla, a small town in rural Missouri. It was not 
prudent to draw detailed conclusions about trends in secondary emissions with the 
relatively small number of homes studied over only 1.5 years. The field experiments 
should be continued for several more years and include more homes to obtain a more 
robust set of results. Longer-term field experiments can also provide evidence of trends in 
the surface reaction probability or product yields, or stronger associations with season. 
Future work should also include residences and other indoor environments in urban areas, 
where outdoor ozone levels are relatively high. Aging effects may be more apparent in an 
environment with higher oxidation rates.  
In this research, aldehydes were observed as the major observable ozone 
oxidation products. When ozone attacks unsaturated fatty acid esters, carboxylic acids are 
also anticipated, but were not targeted in this study. Carboxylic acids may have as great 
greater impact on odor and irritation as aldehydes. Quantification of organic acid 
secondary emission rates should allow us to generate better estimates of the odor and 
irritancey potentials of ozone surface chemistry.   
Field work combined with laboratory assessment of secondary emissions from 
consumer products enabled me to suggest which compounds as surface coatings are 
responsible for ozone-surface chemistry. Broadly, however, we need a better 
understanding of the composition of indoor surface coatings, including dirt, dust, oils and 
consumer product residues. New techniques will probably need to be developed since 
traditional methods may not capture the important elements of the composition. 
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Similarly, there is little available information about the detailed composition of 
substrates. Some studies have shown that reducing relative humidity results in lower 
yields. My research also found that the yields were lower in winter than in summer. A 
better understanding of the role of water on real surfaces can help us understand 
association of humidity and secondary yield, and perhaps answer such questions as “Does 
humidity control in indoor environments significantly reduce exposure to secondary 
products?”.  To significantly advance the field of interfacial chemistry in indoor 
environments, it is essential for us to understand surface composition, morphology and 




















The field emission cell is a cylindrical aluminum chamber shown in Figure S1. 
The interior surface of the chamber is coated with Teflon. The chamber is 30.4 cm in 
diameter and 5.8 cm in height. The chamber top was equipped with 0.32 cm (1/8 inch) 
and 0.63 cm (1/4 inch) Teflon fittings (Swagelock®) for inflow and outflow, 
respectively. Gas inlet and outlet are located on the chamber top, 8 cm from the center. A 
Viton® o-ring was placed between the Teflon fittings and chamber top to provide a seal. 
The field emission chamber is open on the bottom so that it can be positioned on an 
indoor surface to isolate a 726 cm2 area. For smooth surfaces such as countertop and 
floor, the chamber was placed on top of the tested surface, with a narrow ring of closed-
cell foam, which we have tested to ensure that it is unreactive with ozone. Weights were 
placed on the chamber to ensure a tight seal between the chamber and the surface. For a 
fleecy surface, such as carpet, the weighted chamber was placed directly on the surface 
without any gasketing material. Measurements on the wall were performed by using a 
lever arrangement shown in Figure S1.  Weights attached to the lever provided a 
horizontal force, which pressed the chamber to the wall. In all experiments, the flow rate 
of inlet air (by mass flow controllers) was balanced with the flow rate of outlet air 
(controlled with a pump and mass flow meters). Tracer decay analysis demonstrated that 




















Figure A1.  Field emission chamber. 1. field emission chamber; 2. chamber inlet; 3. 
chamber outlet; 4. foam ring; 5. 1/8 inch fitting; 6. 1/4 inch fitting; 7. wood 
panel for applying uniform pressure to the chamber, pressed to the wall; 8. 


















FIELD EXPERIMENT RESULTS 
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Table B.1.1-1. Secondary aldehyde emission rates for each surface in H1 in summer 
2005. 
secondary emission rate (µ g  m - 2  h - 1) 
compound living room 
carpet 
living room 
wall kitchen floor kitchen countertop 
methanal 0.00 0.00 1.38 3.80 
propanal 0.00 0.00 1.78 2.68 
butanal 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 4.97 6.82 
hexanal 7.75 0.00 25.95 23.12 
heptanal 14.76 0.76 5.36 10.38 
octanal 7.40 0.00 11.77 4.91 
nonanal 79.43 18.47 56.79 104.74 
decanal 18.61 3.49 10.72 15.29 
2-nonenal 13.25 0.00 0.00 0.00 
 
uncertainty 
compound living room 
carpet 
living room 
wall kitchen floor kitchen countertop 
methanal 0.58 0.92 0.66 0.69 
propanal 0.80 0.80 0.81 0.81 
butanal 0.00 0.00 0.00 0.00 
pentanal 2.06 2.06 2.11 2.07 
hexanal 3.64 2.92 2.27 2.31 
heptanal 1.41 1.29 1.29 1.34 
octanal 2.03 1.93 1.93 1.90 
nonanal 2.90 2.23 2.54 3.61 
decanal 0.58 0.51 0.55 0.54 
2-nonenal 3.30 0.00 0.00 0.00 
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Table B.1.1-2. Secondary aldehyde emission rates for each surface in H2 in summer 
2005.  











methanal 0.00 0.00 0.00 2.14 3.03 
propanal 7.31 0.00 0.00 0.00 7.13 
butanal 0.00 0.00 0.00 0.00 0.00 
pentanal 20.51 0.00 0.00 0.00 0.00 
hexanal 43.29 0.00 0.00 40.22 0.00 
heptanal 16.80 0.00 0.00 15.46 2.28 
octanal 20.16 0.00 0.00 7.18 0.00 
nonanal 67.37 0.00 127.81 208.12 48.95 
decanal 15.27 0.00 4.70 2.77 0.00 













methanal 0.63 0.63 0.63 0.75 1.30 
propanal 0.84 0.80 0.80 0.80 0.84 
butanal 0.00 0.00 0.00 0.00 0.00 
pentanal 2.18 2.09 2.06 2.06 2.06 
hexanal 2.42 2.27 6.08 2.68 3.44 
heptanal 1.35 1.29 1.69 1.33 1.35 
octanal 2.00 1.92 2.34 1.95 2.13 
nonanal 2.65 1.92 6.53 8.02 4.03 
decanal 0.58 0.58 1.05 0.49 0.44 




Table B.1.1-3. Secondary aldehyde emission rates for each surface in H3 in summer 
2005.  












pentanal 0.00 0.00 0.00 1.94 0.30 
hexanal 0.00 0.00 9.17 42.01 20.20 
heptanal 2.68 0.00 2.85 9.68 5.90 
octanal 8.99 0.51 8.26 7.82 3.40 
nonanal 23.09 7.48 7.29 116.08 27.76 
decanal 21.20 2,87 0.00 8.71 3.37 
2-nonenal 0.00 0.00 0.00 6.91 0.00 















pentanal 2.12 2.06 1.81 2.07 2.15 
hexanal 2.15 2.00 1.90 2.56 2.79 
heptanal 1.31 1.33 1.13 1.34 1.45 
octanal 2.28 2.06 1.80 1.93 2.24 
nonanal 2.60 1.26 2.52 4.65 3.30 
decanal 1.00 0.39 0.42 0.48 0.69 





Table B.1.1-4. Secondary aldehyde emission rates for each surface in H4 in summer 
2005.  




room wall kitchen floor 
kitchen 
countertop 
methanal 6.75 1.64 1.87 6.38 
propanal 0.00 0.00 0.00 11.70 
butanal 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.62 4.59 
hexanal 6.63 0.00 0.00 18.62 
heptanal 3.49 0.00 4.96 17.04 
octanal 8.99 0.00 0.00 15.77 
nonanal 7.75 0.26 1.84 192.18 
decanal 1.09 2.01 0.52 4.32 






room wall kitchen floor 
kitchen 
countertop 
methanal 0.83 0.64 0.67 0.63 
propanal 0.80 0.80 1.01 1.01 
butanal 0.00 0.00 0.00 0.00 
pentanal 0.00 2.08 2.08 2.08 
hexanal 2.13 2.06 1.98 2.07 
heptanal 1.31 1.25 1.26 1.40 
octanal 1.94 1.90 1.89 1.96 
nonanal 1.41 1.03 1.15 6.21 
decanal 0.39 0.22 0.32 0.26 
2-nonenal 0.00 0.00 0.00 0.00 
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Table B.1.2-1. Secondary aldehyde emission rates for each surface in H1 in summer 
2006.  
























methanal 0.00 0.00 0.00 0.00 18.08 2.18 14.57 
acetaldehyde 0.00 0.00 0.00 0.00 11.45 0.00 0.00 
propanal 5.25 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 2.70 7.51 5.01 6.16 4.43 8.48 3.66 
hexanal 0.00 16.28 80.41 179.91 158.20 34.57 7.24 
heptanal 2.31 16.95 13.48 77.05 47.58 19.07 9.05 
octanal 0.00 0.00 0.00 24.60 8.69 9.99 0.00 
nonanal 55.72 61.32 221.19 953.19 736.44 60.95 37.23 
decanal 98.06 50.86 116.23 266.04 76.79 7.49 39.41 


























methanal 0.00 0.00 0.00 3.38 3.61 5.02 4.90 
acetaldehyde 1.18 1.18 1.18 1.18 1.27 1.18 1.18 
propanal 0.26 0.18 0.18 0.18 0.18 0.18 0.18 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 2.37 2.62 2.30 2.34 2.28 2.60 2.41 
hexanal 4.37 4.63 4.57 7.78 6.26 5.63 4.14 
heptanal 2.56 2.69 2.67 3.83 3.06 2.68 2.54 
octanal 1.82 1.69 1.75 2.04 1.75 1.70 1.86 
nonanal 2.91 3.28 8.15 32.07 24.67 2.88 2.54 
decanal 5.77 4.80 6.35 11.55 5.23 4.01 4.57 





Table B.1.2-2. Secondary aldehyde emission rates for each surface in H2 in summer 
2006.  


















methanal 0.00 59.91 0.00 0.00 0.00 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 5.64 0.00 0.00 7.30 
butanal 0.00 16.32 0.00 0.00 0.00 0.00 
pentanal 6.51 0.00 0.00 2.92 1.60 0.00 
hexanal 36.89 2.16 1.97 56.27 63.45 0.00 
heptanal 9.58 2.09 0.00 7.93 0.00 4.29 
octanal 0.00 0.00 17.92 0.00 6.13 82.29 
nonanal 87.14 138.70 94.78 232.57 250.91 82.01 
decanal 21.87 20.09 34.02 0.85 26.28 6.95 




















methanal 0.00 6.55 2.63 0.00 0.00 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.41 0.41 0.46 0.41 0.41 0.39 
butanal 0.00 1.17 1.41 0.00 0.00 0.00 
pentanal 4.86 0.00 0.00 4.73 4.72 0.00 
hexanal 7.51 7.74 7.02 7.20 7.88 0.00 
heptanal 7.30 7.31 7.18 7.26 7.18 7.35 
octanal 0.00 0.00 3.79 0.00 3.57 5.11 
nonanal 6.54 8.39 7.76 10.96 12.82 5.45 
decanal 7.02 7.28 7.26 6.78 6.92 6.75 





Table B.1.2-3. Secondary aldehyde emission rates for each surface in H4 in summer 
2006. 






























methanal 0.00 0.00 2.10 0.00 7.80 0.00 0.00 0.00 
acetaldehy 9.08 11.00 0.00 0.00 3.73 4.22 0.00 0.00 
propanal 6.39 7.08 0.00 0.00 3.14 3.82 0.00 2.99 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 0.77 2.31 0.00 5.78 13.87 0.00 0.00 0.00 
hexanal 9.05 29.55 0.00 28.74 37.19 1.21 0.00 0.00 
heptanal 2.50 10.79 0.00 16.57 23.31 0.00 0.00 0.00 
octanal 12.21 12.58 0.00 31.07 0.00 9.06 0.00 0.00 
nonanal 7.91 47.45 2.07 161.21 185.17 30.42 2.07 4.38 
decanal 0.00 34.65 0.00 20.25 42.27 31.26 0.00 20.03 
































methanal 0.00 0.00 2.40 0.00 2.43 0.00 0.00 0.00 
acetaldehy 0.66 0.71 0.00 0.00 0.19 0.23 0.00 0.00 
propanal 0.94 0.94 0.00 0.00 0.92 0.92 0.00 0.93 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 2.47 2.47 0.00 2.34 2.77 0.00 0.00 0.00 
hexanal 4.13 4.38 0.00 4.19 4.29 3.75 0.00 0.00 
heptanal 2.58 2.61 0.00 2.61 2.70 0.00 0.00 0.00 
octanal 1.85 2.04 0.00 2.53 0.00 1.69 0.00 0.00 
nonanal 2.66 3.08 2.49 6.91 7.76 2.82 2.06 2.86 
decanal 0.00 4.11 0.00 4.60 5.74 4.78 0.00 4.95 





Table B.1.2-4. Secondary aldehyde emission rates for each surface in H5 in summer 
2006.  

















methanal 53.37 18.77 0.00 11.14 37.66 2.12 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 5.12 5.85 0.00 0.00 0.00 1.53 
butanal 4.01 4.34 0.00 0.00 0.00 0.00 
pentanal 0.09 0.38 8.68 18.96 8.40 2.45 
hexanal 37.38 51.84 98.66 114.30 23.31 23.61 
heptanal 11.89 0.00 0.00 7.60 0.00 0.00 
octanal 0.00 0.00 20.80 0.00 13.75 6.01 
nonanal 109.15 120.31 138.60 219.41 49.60 28.95 
decanal 21.78 17.43 17.21 5.48 30.99 7.75 



















methanal 2.40 3.28 0.00 1.72 2.21 2.51 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.34 0.36 0.00 0.00 0.00 0.30 
butanal 1.01 1.01 0.00 1.41 1.41 0.00 
pentanal 4.85 4.80 4.83 4.82 4.72 4.72 
hexanal 9.05 8.54 9.27 9.26 6.46 6.44 
heptanal 7.32 7.18 7.18 7.27 7.18 7.18 
octanal 0.00 0.00 3.66 0.00 3.58 3.54 
nonanal 7.56 8.23 8.60 10.32 4.74 4.43 
decanal 7.05 7.21 6.95 6.77 6.95 6.75 




Table B.1.3-1. Secondary aldehyde emission rates for each surface in H1 in winter 2006.  



























methanal 0.81 0.00 0.00 0.00 10.77 4.88 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 3.23 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 5.94 0.00 0.00 
butanal 0.00 0.00 0.00 3.22 15.39 0.00 0.00 
pentanal 1.70 0.75 4.72 1.13 3.68 0.28 0.00 
hexanal 6.30 25.87 5.80 25.28 50.56 9.05 0.00 
heptanal 7.38 2.64 0.00 4.51 4.62 4.18 3.63 
octanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
nonanal 19.70 57.09 21.41 123.02 114.73 48.14 63.52 
decanal 0.00 8.27 20.32 32.77 11.88 3.66 27.49 





























methanal 2.76 0.00 0.00 0.00 2.29 2.61 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 2.02 0.00 0.01 
propanal 0.00 0.00 0.00 0.00 6.66 0.00 0.00 
butanal 0.00 0.00 0.00 4.29 4.47 0.00 0.00 
pentanal 4.74 4.71 4.71 4.69 4.70 4.73 4.82 
hexanal 3.15 3.26 3.15 3.28 3.58 3.17 3.51 
heptanal 3.61 3.60 3.59 3.62 3.60 3.61 3.63 
octanal 1.76 1.76 1.76 1.76 1.76 1.76 1.76 
nonanal 2.17 2.45 2.20 3.84 3.74 2.38 2.57 
decanal 6.74 6.76 6.83 7.05 6.82 6.75 6.93 




Table B.1.3-2. Secondary aldehyde emission rates for each surface in H2 in winter 2006.  



















methanal 0.00 4.75 2.14 0.00 0.00 0.99 
acetaldehyde 0.00 0.00 0.75 0.10 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 4.02 0.24 0.00 0.00 0.00 
pentanal 1.70 1.13 0.00 0.00 3.87 5.76 
hexanal 13.38 12.59 29.12 33.05 40.33 9.34 
heptanal 0.00 0.00 0.00 0.00 0.00 0.00 
octanal 0.00 0.00 3.58 0.00 0.00 4.16 
nonanal 0.00 63.02 96.39 186.44 111.21 57.69 
decanal 0.00 1.33 1.83 0.05 2.19 22.96 





















methanal 0.00 2.53 1.99 0.00 0.00 1.96 
acetaldehyde 0.00 0.00 1.47 1.47 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 4.31 4.29 0.00 0.00 0.00 
pentanal 4.70 4.69 0.00 0.00 4.70 4.73 
hexanal 3.18 3.16 3.26 3.29 3.38 3.18 
heptanal 0.00 0.00 0.00 0.00 0.00 0.00 
octanal 0.00 0.00 1.76 0.00 0.00 1.81 
nonanal 2.14 2.52 2.93 4.47 3.43 2.49 
decanal 0.00 6.74 6.74 6.74 6.76 6.86 




Table B.1.3-3. Secondary aldehyde emission rates for each surface in H4 in winter 2006.  























methanal 6.36 4.62 1.02 0.00 0.00 0.00 0.40 
acetaldehyde 0.33 0.00 0.00 0.00 1.53 0.00 1.11 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 4.11 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.00 0.00 0.00 0.00 21.89 
hexanal 0.00 3.34 0.98 17.02 14.16 1.18 18.30 
heptanal 0.00 0.00 0.00 0.00 0.00 0.00 5.72 
octanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
nonanal 23.72 27.14 18.90 80.20 99.15 8.14 28.24 
decanal 0.00 0.00 0.85 0.05 0.05 1.08 2.86 

























methanal 1.92 1.92 1.92 0.00 0.00 0.00 1.99 
acetaldehyde 1.46 0.00 0.00 0.00 1.45 0.00 1.51 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 4.28 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.00 0.00 0.00 0.00 4.84 
hexanal 3.14 3.13 3.13 3.19 3.18 3.13 3.20 
heptanal 3.59 3.59 3.59 3.59 3.59 3.59 3.60 
octanal 1.76 1.76 1.76 1.76 1.76 1.76 1.76 
nonanal 2.22 2.21 2.19 2.73 2.98 2.14 2.21 
decanal 6.74 6.74 6.74 6.74 6.74 6.74 6.74 




Table B.1.3-4. Secondary aldehyde emission rates for each surface in H5 in winter 2006.  

















methanal 10.31 5.31 0.00 10.81 0.48 4.08 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.00 0.00 4.61 0.00 
pentanal 1.98 1.70 3.11 0.94 0.00 0.66 
hexanal 2.16 2.07 2.16 1.28 0.00 0.89 
heptanal 1.32 0.00 0.00 0.00 0.00 4.40 
octanal 0.00 7.74 0.00 0.00 0.00 0.00 
nonanal 26.53 48.24 26.63 33.22 1.31 16.48 
decanal 0.00 17.48 1.12 0.00 0.11 2.69 



















methanal 2.04 1.96 0.00 2.02 2.43 2.28 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.00 0.00 4.28 0.00 
pentanal 4.71 4.71 4.69 4.70 4.73 4.82 
hexanal 3.14 3.14 3.14 3.13 3.13 3.14 
heptanal 3.59 3.59 3.59 3.59 3.59 3.60 
octanal 1.78 1.80 1.76 1.76 1.76 1.77 
nonanal 2.45 2.66 2.24 2.34 2.13 2.16 
decanal 6.75 6.82 6.74 6.74 6.74 6.74 




Table B.2.1-1. Ozone-induced aldehyde yields for each surface in H1 in summer 2005. 
aldehyde yield 
compound living room 
carpet 
living room 
wall kitchen floor kitchen countertop 
methanal 0.00 0.00 0.02 0.03 
propanal 0.00 0.00 0.01 0.02 
butanal 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.03 0.02 
hexanal 0.01 0.00 0.13 0.06 
heptanal 0.02 0.00 0.02 0.02 
octanal 0.01 0.00 0.05 0.01 
nonanal 0.10 0.06 0.20 0.20 
decanal 0.02 0.01 0.03 0.03 
2-nonenal 0.02 0.00 0.00 0.00 
total aldehydes 0.18 0.07 0.49 0.39 
 
uncertainty 
compound living room 
carpet 
living room 
wall kitchen floor kitchen countertop 
methanal 0.0210 0.0143 0.0131 0.0082 
propanal 0.0479 0.0290 0.0028 0.0074 
butanal 0.0000 0.0000 0.0000 0.0000 
pentanal 0.0000 0.0000 0.0150 0.0073 
hexanal 0.0066 0.0000 0.0394 0.0116 
heptanal 0.0033 0.0000 0.0089 0.0050 
octanal 0.0030 0.0000 0.0154 0.0043 
nonanal 0.0111 0.0150 0.0588 0.0318 
decanal 0.0023 0.0027 0.0101 0.0042 
2-nonenal 0.0045 0.0000 0.0000 0.0000 
total aldehydes 0.0543 0.0211 0.0764 0.0372 
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Table B.2.1-2. Ozone-induced aldehyde yields for each surface in H2 in summer 2005.  
aldehyde yield 










methanal 0.00 0.00 0.00 0.01 0.04 
propanal 0.06 0.00 0.00 0.03 0.02 
butanal 0.00 0.00 0.00 0.00 0.00 
pentanal 0.05 0.00 0.00 0.00 0.02 
hexanal 0.08 0.00 0.06 0.03 0.03 
heptanal 0.03 0.00 0.00 0.02 0.01 
octanal 0.03 0.00 0.00 0.01 0.00 
nonanal 0.09 0.00 0.22 0.25 0.06 
decanal 0.02 0.00 0.01 0.00 0.00 
2-nonenal 0.03 0.00 0.00 0.00 0.00 
total aldehydes 0.39 0.00 0.29 0.00 0.18 
 
uncertainty 










methanal 0.0043 0.0043 0.0387 0.0045 0.0072 
propanal 0.0148 0.0019 0.0000 0.1274 0.0434 
butanal 0.0000 0.0000 0.0000 0.0000 0.0000 
pentanal 0.0070 0.0000 0.0000 0.0000 0.0039 
hexanal 0.0103 0.0000 0.0258 0.0085 0.0056 
heptanal 0.0039 0.0000 0.0000 0.0031 0.0019 
octanal 0.0045 0.0000 .0000 0.0028 0.0030 
nonanal 0.0107 0.0000 0.0325 0.0277 0.0071 
decanal 0.0022 0.0000 0.0019 0.0000 0.0008 
2-nonenal 0.0073 0.0000 0.0000 0.0000 0.0000 
total aldehydes 0.0245 0.0047 0.0568 0.1308 0.0452 
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pentanal 0.00 0.00 0.00 0.01 0.00 
hexanal 0.00 0.00 0.06 0.12 0.04 
heptanal 0.00 0.00 0.00 0.02 0.01 
octanal 0.01 0.03 0.00 0.02 0.00 
nonanal 0.03 0.34 0.00 0.22 0.03 
decanal 0.03 0.12 0.00 0.02 0.00 
2-nonenal 0.00 0.00 0.01 0.01 0.00 
total aldehydes 0.07 0.49 0.01 0.42 0.08 














pentanal 0.0053 0.1551 0.0073 0.0067 0.0045 
hexanal 0.0045 0.7255 0.0199 0.0195 0.0063 
heptanal 0.0025 0.1593 0.0134 0.0049 0.0025 
octanal 0.0041 0.1573 0.0616 0.0049 0.0032 
nonanal 0.0056 1.2361 0.0306 0.0365 0.0056 
decanal 0.0037 0.4309 0.0009 0.0026 0.0009 
2-nonenal 0.0000 0.0000 0.0079 0.0082 0.0000 
total aldehydes 0.0108 1.5212 0.0736 0.0434 0.0104 
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Table B.2.1-4. Ozone-induced aldehyde yields for each surface in H4 in summer 2005. 
aldehyde yield 
compound 
living room carpet kitchen countertop 
methanal 0.08 0.04 
propanal 0.00 0.07 
butanal 0.00 0.00 
pentanal 0.00 0.01 
hexanal 0.02 0.04 
heptanal 0.01 0.03 
octanal 0.02 0.03 
nonanal 0.02 0.28 
decanal 0.00 0.01 
2-nonenal 0.00 0.00 
total aldehydes 0.16 0.51 
 Living room wall and kitchen floor results were not included due to measurement errors of outlet ozone 
concentration on these two surfaces.  
uncertainty 
compound 
living room carpet kitchen countertop 
methanal 0.0182 0.0068 
propanal 0.0050 0.0150 
butanal 0.0000 0.0000 
pentanal 0.0098 0.0052 
hexanal 0.0087 0.0062 
heptanal 0.0045 0.0045 
octanal 0.0072 0.0044 
nonanal 0.0051 0.0345 
decanal 0.0010 0.0008 
2-nonenal 0.0000 0.0000 
total aldehydes 0.0250 0.0396 
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methanal 0.00 0.00 0.00 0.00 0.05 0.02 0.11 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
propanal 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 0.00 0.01 0.01 0.01 0.00 0.02 0.01 
hexanal 0.00 0.03 0.13 0.17 0.14 0.08 0.02 
heptanal 0.00 0.02 0.02 0.06 0.04 0.04 0.02 
octanal 0.00 0.00 0.00 0.02 0.01 0.00 0.02 
nonanal 0.06 0.07 0.25 0.62 0.45 0.09 0.06 
decanal 0.09 0.05 0.12 0.16 0.04 0.01 0.06 
2-nonenal 0.00 0.00 0.01 0.02 0.00 0.00 0.00 


























methanal 0.0119 0.041 0.0203 0.0105 0.0108 0.0366 0.0387 
acetaldehyde 0.0040 0.0041 0.0042 0.0025 0.0028 0.0059 0.0059 
propanal 0.0014 0.0005 0.0005 0.0003 0.0003 0.0007 0.0007 
butanal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
pentanal 0.0041 0.0047 0.0042 0.0025 0.0023 0.0066 0.0062 
hexanal 0.0033 0.0036 0.0036 0.0036 0.0027 0.0061 0.0046 
heptanal 0.0017 0.0018 0.0018 0.0016 0.0012 0.0026 0.0025 
octanal 0.0011 0.001 0.0011 0.0007 0.0006 0.0010 0.0010 
nonanal 0.0015 0.0018 0.0045 0.0105 0.0075 0.0022 0.0020 
decanal 0.0055 0.0047 0.0064 0.0069 0.0029 0.0056 0.0065 
2-nonenal 0.0022 0.0000 0.0024 0.0015 0.0013 0.0000 0.0000 
total aldehydes 0.0151 0.0090 0.0109 0.0173 0.0143 0.0387 0.0406 
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methanal 0.00 0.29 0.00 0.00 0.00 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 0.02 0.00 0.00 0.01 
butanal 0.00 0.08 0.00 0.00 0.00 0.00 
pentanal 0.01 0.00 0.00 0.00 0.00 0.01 
hexanal 0.05 0.00 0.00 0.08 0.08 0.00 
heptanal 0.01 0.00 0.00 0.01 0.00 0.00 
octanal 0.00 0.00 0.03 0.00 0.01 0.07 
nonanal 0.08 0.14 0.14 0.22 0.23 0.06 
decanal 0.02 0.02 0.05 0.00 0.02 0.01 
2-nonenal 0.00 0.02 0.00 0.00 0.00 0.00 




















methanal 0.0622 0.0400 0.0094 0.0411 0.0124 0.0390 
acetaldehyde 0.0000 0.0360 0.0000 0.0272 0.0000 0.0000 
propanal 0.0009 0.0010 0.0030 0.0010 0.0009 0.0013 
butanal 0.0077 0.0088 0.0070 0.0080 0.0061 0.0090 
pentanal 0.0074 0.0080 0.0117 0.0074 0.0071 0.0085 
hexanal 0.0098 0.0111 0.0147 0.0097 0.0102 0.0098 
heptanal 0.0083 0.0092 0.0132 0.0086 0.0082 0.0073 
octanal 0.0037 0.0045 0.0062 0.0037 0.0036 0.0045 
nonanal 0.0060 0.0085 0.0115 0.0104 0.0117 0.0043 
decanal 0.0059 0.0067 0.0098 0.0059 0.0057 0.0049 
2-nonenal 0.0028 0.0026 0.0000 0.0000 0.0000 0.0000 




































methanal 0.00 0.00 0.02 0.00 0.05 0.00 0.00 0.00 
acetaldehy 0.03 0.04 0.00 0.00 0.02 0.02 0.00 0.00 
propanal 0.02 0.02 0.00 0.00 0.01 0.01 0.00 0.02 
butanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 
hexanal 0.01 0.04 0.00 0.05 0.07 0.00 0.00 0.00 
heptanal 0.00 0.01 0.00 0.03 0.04 0.00 0.00 0.00 
octanal 0.01 0.01 0.00 0.04 0.00 0.01 0.00 0.00 
nonanal 0.01 0.05 0.00 0.20 0.26 0.04 0.00 0.01 
decanal 0.00 0.03 0.00 0.02 0.05 0.04 0.00 0.05 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 
































methanal 0.0183 0.0169 0.0355 0.0216 0.0240 0.0236 0.0262 0.0412 
acetaldehy 0.0046 0.0051 0.0118 0.0062 0.0024 0.0028 0.0018 0.0032 
propanal 0.0038 0.0037 0.0085 0.0068 0.0047 0.0048 0.0050 0.0089 
butanal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
pentanal 0.0043 0.0042 0.0082 0.0047 0.0064 0.0062 0.0065 0.0102 
hexanal 0.0071 0.0074 0.0114 0.0085 0.0100 0.0088 0.0078 0.0128 
heptanal 0.0045 0.0044 0.0091 0.0053 0.0063 0.0059 0.0064 0.0104 
octanal 0.0032 0.0034 0.0063 0.0051 0.0050 0.0040 0.0051 0.0070 
nonanal 0.0046 0.0052 0.0090 0.0140 0.0181 0.0066 0.0052 0.0118 
decanal 0.0073 0.0069 0.0163 0.0093 0.0134 0.0112 0.0098 0.0205 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
total 






















methanal 0.19 0.07 0.00 0.03 0.15 0.01 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.01 0.01 0.00 0.00 0.00 0.00 
butanal 0.01 0.01 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.01 0.02 0.01 0.00 
hexanal 0.04 0.06 0.12 0.10 0.03 0.03 
heptanal 0.01 0.00 0.00 0.01 0.00 0.00 
octanal 0.00 0.00 0.02 0.00 0.01 0.01 
nonanal 0.08 0.09 0.11 0.14 0.04 0.03 
decanal 0.01 0.01 0.01 0.00 0.02 0.01 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 



















methanal 0.0157 0.0130 0.0055 0.0055 0.0140 0.0104 
acetaldehyde 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
propanal 0.0009 0.0010 0.0000 0.0000 0.0000 0.0007 
butanal 0.0015 0.0016 0.0002 0.0012 0.0016 0.0017 
pentanal 0.0060 0.0061 0.0066 0.0050 0.0064 0.0068 
hexanal 0.0096 0.0094 0.0109 0.0082 0.0076 0.0080 
heptanal 0.0068 0.0069 0.0074 0.0057 0.0074 0.0078 
octanal 0.0032 0.0032 0.0034 0.0025 0.0033 0.0034 
nonanal 0.0057 0.0064 0.0071 0.0065 0.0039 0.0039 
decanal 0.0048 0.0051 0.0052 0.0039 0.0052 0.0054 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
total aldehydes 0.0219 0.0203 0.0175 0.0146 0.0201 0.0184 
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methanal 0.00 0.00 0.00 0.00 0.07 0.02 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
butanal 0.00 0.00 0.00 0.01 0.04 0.00 0.00 
pentanal 0.00 0.00 0.02 0.00 0.01 0.00 0.00 
hexanal 0.01 0.03 0.02 0.05 0.10 0.01 0.00 
heptanal 0.01 0.00 0.00 0.01 0.01 0.01 0.00 
octanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
nonanal 0.02 0.05 0.05 0.16 0.16 0.05 0.06 
decanal 0.00 0.01 0.04 0.04 0.02 0.00 0.02 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 





























methanal 0.0111 0.0124 0.0275 0.0129 0.0171 0.0132 0.0120 
acetaldehyde 0.0075 0.0145 0.0187 0.0282 0.0092 0.0082 0.0146 
propanal 0.0132 0.0237 0.0411 0.0355 0.0227 0.0144 0.0121 
butanal 0.0081 0.0074 0.0204 0.0107 0.0132 0.0089 0.0077 
pentanal 0.0075 0.0066 0.0187 0.0098 0.0108 0.0082 0.0070 
hexanal 0.0043 0.0039 0.0108 0.0059 0.0071 0.0047 0.0044 
heptanal 0.0043 0.0038 0.0108 0.0057 0.0062 0.0047 0.0040 
octanal 0.0019 0.0017 0.0047 0.0025 0.0027 0.0020 0.0017 
nonanal 0.0021 0.0021 0.0053 0.0048 0.0052 0.0025 0.0023 
decanal 0.0059 0.0052 0.0150 0.0081 0.0086 0.0065 0.0056 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
total aldehydes 0.0236 0.0329 0.0638 0.0510 0.0371 0.0263 0.0262 
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methanal 0.00 0.02 0.01 0.00 0.00 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.01 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.00 0.00 0.01 0.01 
hexanal 0.02 0.01 0.04 0.05 0.07 0.01 
heptanal 0.00 0.00 0.00 0.00 0.00 0.00 
octanal 0.00 0.00 0.00 0.00 0.00 0.00 
nonanal 0.00 0.04 0.10 0.20 0.14 0.05 
decanal 0.00 0.00 0.00 0.00 0.00 0.02 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 





















methanal 0.0078 0.0109 0.0101 0.0113 0.0136 0.0086 
acetaldehyde 0.0045 0.0035 0.0051 0.0050 0.0062 0.0043 
propanal 0.0123 0.0095 0.0147 0.0144 0.0168 0.0127 
butanal 0.0076 0.0059 0.0091 0.0089 0.0104 0.0078 
pentanal 0.0069 0.0054 0.0083 0.0081 0.0095 0.0072 
hexanal 0.0040 0.0031 0.0050 0.0049 0.0059 0.0042 
heptanal 0.0040 0.0031 0.0048 0.0047 0.0055 0.0041 
octanal 0.0018 0.0014 0.0021 0.0021 0.0024 0.0019 
nonanal 0.0019 0.0017 0.0031 0.0047 0.0042 0.0023 
decanal 0.0055 0.0042 0.0066 0.0064 0.0076 0.0058 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
total aldehydes 0.0202 0.0180 0.0245 0.0249 0.0291 0.0210 
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methanal 0.04 0.03 0.02 0.00 0.00 0.00 0.00 
acetaldehyde 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
pentanal 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
hexanal 0.00 0.01 0.00 0.03 0.02 0.00 0.05 
heptanal 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
octanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
nonanal 0.04 0.04 0.06 0.09 0.11 0.01 0.05 
decanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

























methanal 0.0134 0.0152 0.0295 0.0158 0.0104 0.0178 0.0164 
acetaldehyde 0.0075 0.0068 0.0152 0.0201 0.0053 0.0513 0.0085 
propanal 0.0218 0.0189 0.0442 0.0494 0.0153 0.0249 0.0238 
butanal 0.0134 0.0116 0.0281 0.0101 0.0094 0.0155 0.0149 
pentanal 0.0124 0.0107 0.0250 0.0090 0.0087 0.0133 0.0138 
hexanal 0.0071 0.0061 0.0143 0.0052 0.0050 0.0076 0.0079 
heptanal 0.0071 0.0062 0.0144 0.0052 0.0050 0.0077 0.0078 
octanal 0.0031 0.0027 0.0063 0.0023 0.0022 0.0033 0.0034 
nonanal 0.0035 0.0030 0.0071 0.0032 0.0033 0.0037 0.0038 
decanal 0.0098 0.0085 0.0198 0.0071 0.0069 0.0105 0.0106 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 






















methanal 0.03 0.02 0.00 0.05 0.00 0.02 
acetaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 
propanal 0.00 0.00 0.00 0.00 0.00 0.00 
butanal 0.00 0.00 0.00 0.00 0.01 0.00 
pentanal 0.00 0.00 0.01 0.00 0.00 0.00 
hexanal 0.00 0.00 0.00 0.00 0.00 0.00 
heptanal 0.00 0.00 0.00 0.00 0.00 0.01 
octanal 0.00 0.01 0.00 0.00 0.00 0.00 
nonanal 0.03 0.05 0.04 0.03 0.00 0.02 
decanal 0.00 0.02 0.00 0.00 0.00 0.00 
2-nonenal 0.00 0.00 0.00 0.00 0.00 0.00 



















methanal 0.0056 0.0095 0.0146 0.0108 0.0149 0.0132 
acetaldehyde 0.0053 0.0046 0.0158 0.0047 0.0071 0.0537 
propanal 0.0157 0.0136 0.0190 0.0140 0.0177 0.0164 
butanal 0.0103 0.0084 0.0117 0.0086 0.0110 0.0101 
pentanal 0.0089 0.0077 0.0108 0.0079 0.0100 0.0093 
hexanal 0.0051 0.0044 0.0062 0.0045 0.0057 0.0053 
heptanal 0.0051 0.0044 0.0062 0.0046 0.0058 0.0054 
octanal 0.0023 0.0020 0.0027 0.0020 0.0025 0.0023 
nonanal 0.0028 0.0026 0.0031 0.0024 0.0028 0.0026 
decanal 0.0070 0.0062 0.0085 0.0063 0.0079 0.0074 
2-nonenal 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
total aldehydes 0.0246 0.0227 0.0353 0.0237 0.0308 0.0603 
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 Table B.3.1. Ozone deposition velocity for each surface in four homes (H1, H2 H3, H4) 
in summer 2005.  















H1 5.37 1.21 1.04 3.11   
H2 4.52 0.40 3.03 7.24 9.15  
H3 2.93 0.03 1.90 1.90  3.26 
H4 1.35   3.45   
H4 living room wall and kitchen floor data were not included due to measurement errors of outlet ozone 


















H1 1.18 0.23 0.21 0.71   
H2 0.93 0.12 0.60 1.95 2.81  
H3 0.49 0.11 0.32 0.32  0.50 









Table B.3.2. Ozone deposition velocity for each surface in four homes (H1, H2, H4, H5) 
in summer 2006.  



























H1 13.60 9.72 2.21 4.22 6.45 10.85 8.96 
H2 7.90 12.55 1.63 4.28 4.28 7.21  
H4 3.58 2.42 0.90 2.47 1.47 2.58 2.43 
H5 12.72 14.39 4.71 11.86  5.76 4.22 
Carpet on stairs in H2 was tested to represent bedroom carpet. The ozone deposition velocity on H2 





























H1 5.72 3.21 0.32 0.50 0.91 5.53 3.36 
H2 1.85 4.68 0.27 0.71 0.69 1.40  
H4 0.59 0.33 0.19 0.40 0.23 0.49 0.48 





Table B.3.3. Ozone deposition velocity for each surface in four homes (H1, H2, H4, H5) 
in winter 2006.  
ozone deposition velocity (m h-1) 




















H1 6.94 10.29 0.90 3.84 2.33 8.28 10.78 
H2 9.31 11.58 5.47 6.80 3.68 12.76  
H4 1.87 2.47 0.60 4.09 4.94 2.30 1.92 
H5 6.45 8.38 2.79 8.52  3.01 2.80 
Carpet on stairs in H2 was tested to represent bedroom carpet. The ozone deposition velocity on H2 
bedroom carpet and H5 kitchen countertop was tested only once. 
 
uncertainty 




















H1 1.58 2.78 0.21 0.79 0.42 2.34 3.16 
H2 2.46 2.82 1.19 1.67 0.72 4.47  
H4 0.35 0.45 0.18 0.80 1.05 0.50 0.40 




Table B.4.1. Reaction probability for each surface in four homes (H1, H2, H3, H4) in 
















H1 22×10-6 3.9×10-6 3.3×10
-6 11×10-6   





H3 10×10-6 0.09×10-6 6.2×10-6 6.2×10
-6  12×10-6 
H4 4.4×10-6   12×10-6   
H4 living room wall and kitchen floor data were not included due to measurement errors of outlet ozone 


















H1 6.42×10-6 0.77×10-6 0.69×10-6 2.69×10-6   
H2 4.57×10-6 0.38×10-6 0.23×10-6 10×10-6 26×10-6  
H3 2.02×10-6 0.34×10-6 1.12×10-6 1.12×10-6  2.14×10-6 








Table B.4.2. Reaction probability for each surface in four homes (H1, H2, H4, H5) in 




























H1 110×10-6 53×10-6 7.3×10-6 15×10-6 25×10-6 65×10-6 46×10-6 
H2 38×10-6 88×10-6 5.3×10-6 15×10-6 15×10-6 33×10-6  
H4 13×10-6 8.3×10-6 2.8×10-6 8.2×10-6 4.7×10-6 9.0×10-6 8.4×10-6 
H5 91×10-6 120×10-6 17×10-6 58×10-6  24×10-6 16×10-6 
Carpet on stairs in H2 was tested to represent bedroom carpet. The ozone deposition velocity on H2 





























H1 1.10×10-6 32×10-6 1.14×10-6 2.12×10-6 4.68×10-6 65×10-6 29×10-6 
H2 14×10-6 78×10-6 0.92×10-6 2.97×10-6 2.89×10-6 9.85×10-6  
H4 2.61×10-6 1.29×10-6 0.62×10-6 1.45×10-6 0.78×10-6 1.94×10-6 1.87×10-6 




Table B.4.3. Reaction probability for each surface in four homes (H1, H2, H4, H5) in 




























H1 31×10-6 59×10-6 2.8×10-6 13×10-6 7.7×10-6 40×10-6 64×10-6 
H2 49×10-6 74×10-6 20×10-6 27×10-6 13×10-6 91×10-6  
H4 6.3×10-6 8.5×10-6 1.9×10-6 14×10-6 18×10-6 7.9×10-6 6.4×10-6 
H5 28×10-6 41×10-6 9.4×10-6 36×10-6  11×10-6 9.8×10-6 
Carpet on stairs in H2 was tested to represent bedroom carpet. The ozone deposition velocity on H2 





























H1 11×10-6 31×10-6 0.68×10-6 3.17×10-6 1.51×10-6 19×10-6 38×10-6 
H2 23×10-6 40×10-6 5.44×10-6 8.51×10-6 2.86×10-6 78×10-6  
H4 1.3×10-6 1.8×10-6 0.57×10-6 3.28×10-6 4.60×10-6 1.92×10-6 1.47×10-6 


























Figure C2. An example of the microscope image of cooked canola oil frying residues on 
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